Award  Number:  DAMD17-96-1-6141 


TITLE:  Characterization  of  Two  Proteins  which  Interact  with  the 

BRCA  1  Gene 


PRINCIPAL  INVESTIGATOR:  Frank  J.  Rauscher,  Ph.D. 


CONTRACTING  ORGANIZATION:  The  Wistar  Institute 

Philadelphia,  Pennsylvania  19104-4268 


REPORT  DATE:  June  2001 


TYPE  OF  REPORT:  Final 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release; 

Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


20021001  062 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

0MB  No.  074-0188 

Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining 
the  data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for 
reducing  this  burden  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302,  and  to  the  Office  of 
Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188),  Washington,  DC  20503 

1 .  AGENCY  USE  ONLY  (Leave  blank)  2.  REPORT  DATE  3.  REPORT  TYPE  AND  DATES  COVERED 

June  2001  Final  (1  Jun  96  -  31  May  01) 

4.  TITLE  AND  SUBTITLE 

Characterization  of  Two  Proteins  which  Interact  with  the 

BRCA  1  Gene 

5.  FUNDING  NUMBERS 

DAMD17-96-1-6141 

6.  AUTHOR(S) 

Frank  J.  Rauscher,  Ph.D. 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

The  Wistar  Institute 

Philadelphia,  Pennsylvania  19104--4268 

E-Mail:  Rauscher@wistar.upenn.edu 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research  and  Materiel  Command 

Fort  Detrick,  Maryland  21702-5012 

10.  SPONSORING  /  MONITORING 

AGENCY  REPORT  NUMBER 

11.  SUPPLEMENTARY  NOTES 

Report  contains  color 

12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  Public  Release;  Distribution  Unlimited 

12b.  DISTRIBUTION  CODE 

13.  ABSTRACT  (Maximum  200  Words) 


We  have  made  extensive  progress  to  support  our  analysis  of  the  BAPl-BRCAl  interaction.  We  have  published  the  co-localization  and 
cell-cycle  patterns  of  intranuclear  distribution  for  the  two  proteins.  In  addition,  we  have  shown  that  BAP-1  is  a  bonafide  tumor  suppressor 
gene  which  is  able  to  inhibit  the  malignant  growth  characteristics  of  cell  lines  when  transfected  back  into  the  BAPl  null  cells.  This 
activity  is  dependent  upon  enzymatic  function  of  the  ubiquitin  hydrolysis  domain.  Our  recent  studies  are  aimed  at  exploring  whether 
BAPl,  like  BRCAl,  might  have  a  direct  role  in  transcription- coupled  DNA  repair.  The  work  accomplished  conforms  to  the  original  SOW 
and  has  shed  new  light  on  the  role  of  BRCAl  as  a  tumor  suppressor  in  early  onset  familial  breast-ovarian  cancer  families 


14.  SUBJECT  TERMS 

Breast  Cancer 

15.  NUMBER  OF  PAGES 

44 

16.  PRICE  CODE 

17.  SECURITY  CLASSIFICATION 

18.  SECURITY  CLASSIFICATION 

19.  SECURITY  CLASSIFICATION 

20.  LIMITATION  OF  ABSTRACT 

OF  REPORT 

OF  THIS  PAGE 

OF  ABSTRACT 

Unclassified 

Unclassified 

Unclassified 

Unlimited 

NSN  7540-01-280-5500  Standard  Form  298  (Rev.  2-89) 


Prescribed  by  ANSI  Std.  Z39-18 
298-102 


CHARACTERIZATION  OF  TWO  PROTEINS  THAT  INTERACT  WITH 
THE  BRCAl  GENE 

Table  of  Contents 

Report  documentation  page . 1 

Table  of  Contents . 2 

Introduction . 3 

Body  of  Work . 4  -  9 

Key  Research  Accomplishments . 10 

Reportable  Outcomes . 11 

Conclusions . 12 

References . 13  -14 

Appendices . 


2 


Introduction: 

The  search  for  the  functions  of  BRCAl  have  suggested  a  global  role  in  nuclear  processes 
involving  transcriptional  regulation,  DNA  repair  and  recombination.  However,  less  clear  is  the 
mechanism  by  which  these  activities  of  BRCAl  are  coordinated  at  the  cellular  level.  A  fruitful 
strategy  has  been  to  identify  BRCAl  binding  proteins  and  determine  their  roles  in  this  regulatory 
hierarchy.  We  have  identified  a  novel  protein,  BAPl  (BRCAl  Associated  Protein- 1),  which 
binds  to  the  wild-type,  but  not  to  a  mutated,  BRCAl  RING  finger  domain  (1).  BAPl  is  a  novel, 
nuclear-localized  member  of  the  ubiquitin  carboxy-terminal  hydrolase  (UCH)  family  of  enzymes 
(reviewed  in  (2,  3)).  BAPl  is  a  729  a.a.  protein  (90  kDa  apparent  molecular  weight)  that  binds  to 
BRCAl  in  vitro  and  in  vivo,  cleaves  ubiquitin  from  a  model  substrate,  is  co-expressed  temporally 
and  spatially  with  BRCAl,  and  enhances  the  growth  suppressive  properties  of  BRCAl. 

Via  its  association  with  BRCAl,  BAPl  is  indirectly  implicated  in  a  linkage  between 
DNA  repair  processes  and  ubiquitin  metabolism.  A  substantial  body  of  evidence  points  to  a 
function  for  BRCAl  as  a  scaffold  for  assembly  of  different  effector  complexes  of  DNA  repair 
including  components  of  mechanisms  for  homologous  recombination  (HR),  mismatch  repair 
(MMR),  nucleotide  excision  repair  (NER),  and  Transcription-Coupled  Repair  (4-12).  BRCAl 
can  also  associate  with  proteins  such  as  p53  (13),  BRCA2  (14,  15),  and  the  RADS  1/52  complex 
(16)  that  serve  a  role  in  DNA  repair.  Furthermore  these  BRCAl -assicated  proteins  are  either 
regulated  through  the  ubiquitin/proteasome  pathway  (7)  or  associate  with  ubiquitin-like  proteins, 
e.g.  UBL-1  (17,  18)  and  a  ubiquitin-like  conjugating  enzyme,  hUBC9/UBE2I  (19).  Moreover, 
the  recent  discoveries  that  many  RING  finger  proteins,  including  BRCAl  can  function  as 
ubiquitin  E3  ligases  further  underscores  the  converging  functions  of  DNA  repair  and  ubiquitin 
metabolism  (20-22).  Thus,  the  BRCAl /BRCA2-RAD51  DNA  repair  complex  potentially 
contains  the  elements  necessary  to  conjugate  a  ubiquitin-like  molecule,  and  may  also  have 
capacity  for  ubiquitin  removal,  via  the  associated  BAPl -mediated  ubiquitin  hydrolysis.  Our 
current  focus  is  the  definition  of  the  substrates  for  BAPl  enzymatic  activity  and  to  determine 
mechanistically  how  it  might  work  together  with  BRCAl  in  DNA  repair.  BAPl’s  potential 
importance  in  genomic  stability  and  integrity  is  signaled  by  the  mapping  of  the  human  BAPl 
locus  to  chromosome  3p21.3  (1),  a  region  of  the  genome  that  is  routinely  deleted  or  rearranged  in 
many  cancers.  We  have  found  rearrangements,  deletions  and  missense  mutations  of  BAPl  in 
small  cell  and  non-small  cell  lung  cancer  cell  lines  and,  more  recently,  in  breast  cancer  tumor 
samples.  These  data  suggest  that  BAPl  may  be  a  tumor  suppressor  gene.  In  this  last  period  of 
support  we  have  investigated  this  possibility  by  transfecting  BAPl  or  enzymatically  inactive 
forms  of  BAPl  into  the  non-small  cell  lung  cancer  cell  line  NCI-H226,  a  cell  line  lacking 
endogenous  BAPl  (1).  Our  results  show  that  wild-type  BAPl  decreases  cell  growth,  changes 
cell  shape  and  inhibits  in  vivo  tumor  growth.  We  are  currently  using  stable  H226  cell  lines 
complemented  with  wild  type,  or  mutant  BAPl  cDNAs  to  explore  the  role  of  BAPl  in  BRCAl- 
mediated  DNA  repair  processes.  In  the  original  proposal  we  aimed  to: 

Specific  Aim  1.  Characterize  the  interaction  of  BRCAl  and  S6  kinase. 

Specific  Aim  2.  Characterize  the  BRCAl -associated  protein  BAP-1, 

Specific  Aim  3.  Characterize  BAP- 1 /BRCAl  in  primary  breast  cancer  specimens,  look  for 
mutations  in  the  BAP-1  gene,  and  determine  if  expression  of  BAPl  in  breast  cancer  cells 
influences  BRCAl  function.. 
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Body 

Specific  Aim  1:  Characterize  the  interaction  of  BRCAl  Ring  Finger  and  S6  kinase. 

One  of  the  original  BRCAl -interacting  clones  from  the  two  hybrid  analysis  was  the  kinase 
p70/85S6k  (S6  kinase),  which  phosphorylates  the  40S  ribosomal  protein  S6.  Using  a 
biochemical  co-immunoprecipitation  approach,  we  were  unable  to  confirm  the  interaction  of 
these  proteins  in  vitro.  Because  this  interaction  could  not  be  confirmed  biochemically  we  did  not 
address  whether  the  BRCAl  RING-fmger  is  a  substrate  for  this  kinase  or  whether  the  RING- 
finger  can  modulate  the  activity  of  S6  kinase  (tasks  2-4).  Instead  we  focused  our  efforts  towards 
characerizing  the  intracellular  pattern  of  BRCAl  expression  in  the  nucleus  and  described 
dynamic  redistribution  of  expression  patterns  during  viral  infection  and  during  the  cell  cycle. 
These  findings  were  published  in  reference  (23),  (see  Appendices).  We  also  successfully 
established  vectors  for  production  and  purification  of  wild-type  and  mutant  BRCAl -Ring  Finger 
proteins  and  used  these  proteins  to  develop  and  characterize  the  BR64  monoclonal  antibody  to 
BRCAl  (task  5)  (23). 

Specific  Aim  2:  Characterize  the  BRCAl  associated  protein  BAP-1. 

The  major  emphasis  has  been  placed  in  the  characterization  of  the  BRCAl  associated 
protein  BAP-1  and  the  findings  have  been  published  in  reference  (1),  (see  Appendices).  This 
manuscript  details  the  discovery  and  characterization  of  a  novel  protein,  BAPl,  which  binds  to 
the  BRCAl  RING  finger  motif  The  full  length  BAPl  cDNA  clones  were  successfully  isolated 
and  sequenced  (tasks  6  and  7).  The  isolation  of  genomic  clones  of  BAPl  and  analysis  of  the 
intron/exon  organization  of  genomic  BAPl  has  been  completed  and  is  currently  in  preparation 
for  publication.  We  have  also  successfully  prepared  recombinant  peptides  of  purified  BAPl  and 
used  these  to  generate  highly  specific  monoclonal  (manuscript  in  preparation),  and  polyclonal  (1, 
13)  antibodies  (tasks  8  and  9).  We  have  applied  these  antibodies  to  coimuunoprecipitate  BRCAl 
and  BAPl  from  cell  lysates  (1)  and  to  demonstrate  partial  nuclear  co-localization  (23).  Although 
our  attempts  at  demonstrating  a  direct  interaction  between  BRCAl  and  BAPl  recombinant 
peptides  produced  and  purified  from  bacteria  have  not  been  successful,  we  have  initiated  a 
collaboration  with  Prof  Rachel  E.  Klevit  of  the  University  of  Washington  who  has  recently 
informed  us  of  results  showing  that  the  BAPl  forms  a  heterodimeric  complex  with  the  N- 
terminal  domain  of  BRCAl,  (hence,  task  10  is  successfully  completed). 

BAPl  is  the  newest  member  of  the  ubiquitin  C-terminal  hydrolase  (UCH)  family  of 
proteins  and  considerably  expands  the  potential  roles  of  this  family  of  proteases.  BAPl  is  a 
much  larger  protein  (90  kDa)  and  is  the  first  nuclear-localized  UCH.  In  addition  to  containing 
the  -250  amino  acid  amino-terminal  UCH  catalytic  domain,  it  includes  a  long  carboxy-terminal 
extension  with  rich  in  proline,  serine  and  threonine  and  a  short,  highly  acidic  region,  elements 
which  may  confer  a  short  half-life.  The  extreme  carboxy-terminus  encodes  two  potential  nuclear 
localization  signals  that  overlap  the  approximately  125  amino  acid  BRCAl  interaction  domain. 
It  was  this  domain  that  was  independently  isolated  from  mouse  and  human  libraries  in  the  two- 
hybrid  screen  and  is  predicted  to  fold  into  a  long  amphipathic  helix  of  coiled-coil  character,  the 
structure  of  which  may  be  important  for  BRCAl  interaction:  Substitution  of  proline  691  with  a 
leucine  abolishes  the  BAPl -BRCAl  interaction.  Thus  we  have  successfully  accomplished  task 
11  whieh  was  to  prepare  mutations/deletions  of  BRCAl  and  BAPl  to  map  the  interaction 
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domains  (1).  We  have  also  detected  a  potential  splice  variant  in  BAPl  which  results  in  loss  of  31 
amino  acids  of  the  BRCAl  interaction  domain  and  greatly  reduces  the  ability  of  BAPl  to  bind 
the  BRCAl  RING  finger,  further  suggesting  that  the  BAPl -BRCAl  interaction  is  regulated. 
Thus,  our  data  suggest  that  the  BAPl  carboxy-terminus  is  tethered  to  BRCAl  via  the  RING 
finger  domain  and  that  the  UCH  catalytic  domain  is  free  to  interact  with  ubiquitin  substrates. 

Specific  Aim  3.  Characterize  BAP-l/BRCAl  in  primary  breast  cancer  specimens,  look  for 
mutations  in  the  BAP-1  gene,  and  determine  if  expression  of  BAPl  in  breast  cancer  cells 
influences  BRCAl  function. 

In  our  previous  report  we  had  suggested  that  BAPl  may  have  growth/tumor  suppressive 
properties  beyond  its  enhancement  of  BRCAl -mediated  growth  suppression  (1).  That  report 
also  identified  a  cell  line,  the  NCI-H226  non-small  cell  lung  cancer  cell  line  (H226  cells),  that 
did  not  express  BAPl  mRNA  or  protein  (1).  This  cell  line  has  provided  an  extremely  useful  tool 
in  which  to  characterize  the  possible  growth  and/or  tumor  suppressive  effects  of  BAPl.  Another 
necessary  tool  for  these  analyses  was  a  high  affinity,  and  highly  specific,  antibody  directed 
against  BAPl.  Monoclonal  antibodies  with  epitopes  directed  to  different  regions  of  BAPl  were 
prepared  and  characterized.  Immunoprecipitation  analysis  of  ^^S-labeled  in  vitro  transcribed  and 
translated  BAPl  protein  showed  that  each  of  the  antibodies  detected  BAPl  with  the  3C1 1  isolate 
showing  the  strongest  reactivity  of  the  three  monoclonal  antibodies.  Western  analysis  showed 
that  BAPl  was  expressed  in  several  cell  lines  at  similar  levels.  Since  the  monoclonal  isolate 
3C1 1  delivered  the  strongest  signal  in  these  assays  (the  polyclonal  antibody  does  not  appear  to 
work  in  Western  analysis)  it  was  routinely  used  throughout  the  experiments  described  below. 
Monoclonal  antibody  3cll  production:  The  human  BAPl  cDNA  was  fused  (in  frame) 
downstream  of  the  6  Histidine  residues  of  the  vector  pQE-30  (QIAGEN,  Inc.).  The  His-tagged 
protein  was  purified  from  E.coli  over  a  Ni-agarose  column.  50  pg  of  recombinant  6XHis-BAPl 
fusion  protein,  in  50  pi  PBS,  was  emulsified  in  complete  Freund's  adjuvant  and  injected  s.c.  into 
Balb/c  mice  followed  by  3  boosts  in  incomplete  Freund’s  adjuvant.  The  4th  boost  was  given  i.v. 
and  the  splenocytes  were  fused  three  days  later  with  the  mouse  non-Ig  secreting  cell  line 
P3X63Ag8.SP2/0.  Hybridomas  were  selected  by  testing  supemantants  by  ELISA  on  several 
recombinant  GST  fusion  proteins:  GST-BAPl  (amino  acids  1-250),  GST-BAPl  (amino  acids 
300-480)  and  GST-BAPl  (amino  acids  494-729).  Clones  that  recognized  these  subregions  were 
selected,  subcloned,  and  tested  for  activity  via  Western  blot  analysis  and  ELISA.  A  subset  of 
these  clones  was  then  developed  further.  All  resulting  monoclonal  antibodies  were  of  the  IgGl, 
kappa  subtype.  The  BAPl  3cll  mAb  (Oncogene  Sciences,  Inc.)  recognizes  an  epitope  in  the 
region  spanning  amino  acids  240-598  of  human  BAPl. 

Cell  lines  expressing  wild-type  BAPl  and  mutant  BAPl  [the  enzymatically  inactive 
BAP  Is  (C91S,  or  A95D,  or  G178V)  or  containing  the  expression  vector  pcDNA3  alone  were 
generated  by  Ca'^^-phosphated-mediated  transfection  of  the  H226  cell  line.  After  selection  of 
clones  positive  for  growth  in  0.2  mg/mL  G418,  cell  lines  expressing  both  high  and  low  levels  of 
wild  type  or  mutant  BAPl  were  selected  and  assayed  for  changes  in  cell  morphology,  cell 
growth  rate,  anchorage-independent  growth  and  in  vivo  tumorigenesis.  Experiments  performed  in 
our  standard  growth  medium  (RPMI  +  10%  FCS)  showed  no  differences  in  the  growth  rates 
between  any  of  the  cell  lines  (data  not  shown).  However,  when  the  concentration  of  growth 
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factors  was  decreased  five-fold  (i.e.  2%  PCS),  differences  in  the  growth  rates  of  the  individual 
cell  lines  became  apparent.  The  cell  lines  expressing  a  higher  level  of  wild-type  BAPl  grew  at  a 
slower  rate  compared  with  the  vector  cell  lines,  while  cell  lines  expressing  lower  levels  of  BAPl 
grew  at  a  rate  similar  to  the  vector  lines.  This  same  general  pattern  was  also  seen  with  the 
BAP1(C91S)  cell  lines  suggesting  that  the  level  of  BAPl  protein  in  the  cell  was  important  to  its 
effects  on  cell  growth.  Furthermore,  the  BAPl  cell  lines  generally  grew  slower  than  the 
BAP1(C91S)  cell  lines,  suggesting  that  the  enzymatic  activity  of  BAPl  is  important  in  mediating 
cell  growth.  Expression  of  BAPl  in  the  H226  cells  gave  rise  to  clones  that  differed  in  their 
appearance  (as  grown  on  plastic  tissue  culture  dishes)  when  compared  to  all  other  H226  cell 
lines.  The  vector,  BAP1(C91S),  and  the  “low  expressing”  wild-type  BAPl  cell  lines  all  had  the 
same  appearance,  being  generally  cubical  in  shape,  with  nuclei  off-center,  and  growing  in  tightly 
packed  colonies  when  plated  thinly.  In  contrast,  cells  expressing  high  levels  of  BAPl  were 
round  in  shape,  with  the  nucleus  centered  within  the  cell,  and  growing  in  patches;  The  cells 
touched  each  other  but  did  not  pack  together.  These  characteristics  remained  even  after  these 
cells  reached  confluence.  None  of  the  cells  noticeably  “piled-up”  when  over-grown  for  extended 
periods  of  time  (up  to  4  weeks;  data  not  shown). 

BAPl  effectvs  on  anchorage-independent  cell  growth  and  tumor  suppression  in  SCID  mice:  The 
change  in  morphology  of  the  H226  cell  upon  expression  of  BAPl  prompted  an  investigation  into 
BAPl’s  effect  on  anchorage-independent  cell  growth.  All  cell  lines  grew  slowly  on  soft  agar, 
with  the  parental,  vector,  and  BAPl  cell  lines  showing  no  difference  in  the  size  of  their  colonies 
or  their  ability  to  form  colonies.  However,  the  BAP1(C91S)  cell  line  showed  slightly  larger 
colonies  after  the  same  period  of  growth,  suggesting  that  loss  of  BAPl’s  enzymatic  activity  may 
be  important  in  the  progression  to  a  more  motile  cell  state.  To  determine  whether  the  expression 
of  BAPl  would  affect  the  tumorigenicity  of  the  NCTH226  cells,  CB17  SCID  mice  were  injected 
with  5  distinct  cell  lines  over  two  experiments.  The  first  experiment  involved  only  the 
comparison  of  vector  and  wild-type  BAPl.  Five  mice  were  each  injected  with  5  X  10^  cells  of 
each  cell  line.  All  mice  had  tumors  by  the  end  of  the  experiment  (42  days),  however,  the  tumors 
from  the  BAPl  mice  were  significantly  smaller  than  those  from  the  vector  mice,  and  the  mice 
injected  with  vector  cells  had  palpable  tumors  earlier  (data  not  shown).  After  excision,  tumors 
were  assayed  for  the  expression  of  BAPl  by  Western  analysis.  The  tumors  derived  from  cells 
expressing  BAPl  were  no  longer  expressing  the  BAPl  protein,  suggesting  either  that  these  cells 
had  lost  their  ability  to  express  BAPl  or  that  a  contaminating  sub-population  of  cells  which  were 
not  expressing  BAPl  had  grown  out  during  the  experiment.  To  confirm  and  expand  these 
results,  a  second  experiment  was  performed  in  which  vector  and  BAP  1  cell  lines,  distinct  from 
those  of  experiment  1,  were  injected  into  SCID  mice.  A  BAP1(C91S)  cell  line  was  included  in 
this  experiment  to  determine  the  effect  of  the  loss  of  BAPl’s  enzymatic  activity  on 
tumorigenicity.  Mice  injected  with  cells  expressing  BAPl  developed  no  tumors  while  those 
mice  injected  with  cells  expressing  vector  or  BAPl (C9 IS)  developed  tumors  of  the  same  size 
and  at  about  the  same  rate.  Tumors  derived  from  cells  expressing  BAP1(C91S)  continued  to 
express  this  protein  as  determined  by  Western  analysis.  Although  the  time  period  for  this 
experiment  was  shorter  than  the  previous  experiment  (30  days  vs.  42  days),  any  developing 
tumors  should  have  been  detected  at  this  point  since  tumors  were  detectable  at  this  point  in  all 
mice  of  experiment  1 . 
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Thus,  this  work  accomplished  in  the  last  period  of  DoD  funding  has  firmly  established  that 
BAPl  is  a  tumor  suppressor  gene.  Cell  lines  which  lack  BAPl  show  a  highly  transformed 
morphology  and  grow  aggressively  in  both  anchorage  independent  growth  models  and  in  tumor 
xenografts  in  vivo.  However,  re-introduction  of  wild  type  BAPl  into  these  cells  reverses  and/or 
suppresses  the  malignant  phenotype.  Moreover,  tumors  in  mice  which  do  grow  after  long 
latencies  have  either  deleted  or  inactivated  expression  of  the  BAPl  transgene,  consistent  with  a 
tumor  suppressor  role.  Most  interestingly,  the  tumor  suppressor  function  of  BAPl  is  absolutely 
dependent  on  its  ubiquitin  hydrolase  enzymatic  activity  as  a  point  mutation  which  changes  the 
catalytic  cysteine,  no  longer  functions  as  a  growth  suppressor.  These  findings  are  the  first  to 
implicate  a  ubiquitin  hydrolysis  enzyme  in  cellular  growth  control.  Furthermore,  our  findings 
strongly  suggest  that  the  UCH  enzymatic  domain  of  BAPl  should  be  a  target  for  mutation  in 
primary  human  tumor  specimens. 

The  possibility  that  BAPl  may  be  a  tumor  suppressor  gene  suggested  that  its  deletion 
might  play  a  critical  role  in  tumor  pathogenesis.  We  questioned  whether  BAPl  might  be  located 
at  a  chromosomal  region  routinely  mutated  in  breast  cancer.  As  part  of  the  original  SOW  (task 
13),  we  are  at  present  searching  for  such  mutations  using  PCR  and  SSCP  taking  advantage  of  the 
known  genomic  structure  of  human  BAPl  which  we  have  solved  (in  preparation).  Thus  far  more 
than  120  tumors  have  been  screened  by  PCR-SSCP.  The  full-length  BAPl  cDNA  was  used  in 
fluorescent  in  situ  hybridization  (FISH)  to  identify  the  chromosomal  location  of  the  BAPl  gene. 
Specific  signals  were  observed  only  on  the  midportion  of  chromosome  3  with  42  of  69  analyzed 
metaphase  spreads  showing  at  least  one  specific  signal.  The  FLpter  value  was  0.27  ±  0.02, 
corresponding  to  a  localization  for  BAPl  at  3p21.1-p21.31.  This  location  is  a  region  of  LOH  for 
breast  cancer  as  well  as  a  region  routinely  deleted  in  lung  carcinomas. 

The  chromosomal  location  of  BAPl  suggested  the  possibility  of  mutations  within  BAPl 
in  tumor  samples.  Thus,  a  variety  of  tumor  samples  were  screened  for  mutations  within  the 
BAPl  gene  by  Southern,  Northern  and  PCR-based  SSCP  analyses.  Genomic  DNAs  from  a  panel 
of  small  cell  lung  cancer  (SCLC),  non-small  cell  lung  cancer  (NSCLC),  breast  cancer,  and 
lymphoblastoid  cell  lines,  were  subjected  to  EcoRl  digestion  and  then  hybridized  to  a  radio- 
labeled,  full-length  BAPl  probe.  A  single  23  kb  band  was  detected  in  the  lymphoblastoid  and 
most  tumor  cell  lines.  One  NSCLC  line,  H226,  did  not  show  the  23  kb  band  but  did  show  an 
aberrant  approximately  30  kb  band.  To  further  characterize  this  potential  genomic 
rearrangement,  we  subjected  genomic  DNA  from  H226  and  a  smaller  number  of  lung  cancer  and 
lymphoblastoid  lines  to  BamHl  digestion.  Using  the  full-length  BAPl  probe,  we  detected  four 
distinct  bands  at  7.5  kb,  4.0  kb,  3.0  kb,  and  2.4  kb  which  were  present  in  all  cell  lines  tested  with 
the  exception  of  H226.  In  the  H226  line,  we  detected  only  the  2.4  kb  band  and  an  aberrant  2.6  kb 
band.  Further  mutational  analysis  of  BAPl  was  performed  by  screening  a  panel  of  lung  cancer 
and  lymphoblastoid  cell  lines  for  expression  of  the  BAPl  mRNA.  Northern  analysis  showed  that 
most  cell  lines  expressed  a  single  ~4  kb  mRNA.  However,  two  cell  lines,  H226  and  HI 466  (both 
NSCLCs),  showed  undetectable  levels  of  BAPl  expression  (a  not  unexpected  result  for  sample 
H226)  suggesting  that  BAPl  may  play  a  critical  role  in  NSCLC  pathogenesis.  Finally,  a  panel  of 
lung  and  breast  cancer  cell  lines  were  screened  for  mutations  in  the  BAPl  open  reading  frame  by 
RTPCR-SSCP.  We  detected  a  homozygous  8  base  pair  deletion  in  the  cDNA  from  the  NSCLC 
line  H1466.  This  short  deletion  leads  to  a  frameshift  and  encodes  a  393  amino  acid  protein.  This 
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homozygous  deletion  was  confirmed  to  be  present  in  genomic  DNA  from  the  same  cell  line. 
These  data  clearly  show  that  genetic  alterations,  including  intragenic  homozygous  deletions, 
occur  in  BAPl.  Our  preliminary  results  suggest  that  a  low  frequency  of  mutation  occurs, 
however,  they  often  inactivate  the  UCH  enzymatic  domain  as  would  be  predicted  from  the 
results  above. 

We  have  also  tested  whether  BRCAl  might  be  a  direct  substrate  for  the  UCH  activity  of 
BAPl  and  whether  BAPl -mediated  deubiquitination  of  BRCAl  would  be  expected  to  stabilize 
the  protein  and  protect  it  from  proteasome-mediated  degradation  (partial  task  14).  This  scenario 
would  be  consistent  with  both  the  ability  of  co-transfected  BAPl  to  enhance  the  tumor 
suppressor  effects  of  BRCAl  in  colony  formation  assays  and  the  finding  of  mutations  in  BAPl 
in  cancer  cell  lines.  We  found  that  the  stabily  transfected  NCI-H226  cells  that  are  deficient  in 
BAPl  express  the  same  level  of  BRCAl  protein  as  three  independent  stable  NCI-H226  cell 
clones  expressing  wild-type  BAPl.  Furthermore,  BRCAl  levels  were  unchanged  in  H226  cell 
clones  expressing  mutant  BAPl  proteins  containing  point  mutations:  C91S,  A95D,  and  G178V, 
or  large  deletions:  BAPl  Del  UCH  or  BAPl  Del  BID,  or  the  hybrid  UCH-L3  BAPl.  In  addition, 
DNA  sequencing  and  SSCP  analysis  showed  that  BRCAl  was  wild-type  in  the  NCI-H226  cells. 
These  results  also  suggest  that  BAPl  does  not  stabilize  BRCAl  by  rescue  from  proteasome- 
mediated  degradation.  However,  these  findings  do  not  exclude  the  possibility  that  a  substrate  for 
BAPl  UCH  activity  may  be  another  BRCAl -associated  protein  whose  possible  UCH-dependent 
stabilization  or  targeting  is  important  for  function  of  the  BRCAl  complex.  The  work  described 
above  and  the  conclusions  derived  therefrom  were  performed  in  accordance  with  the  original 
statement  of  work,  addressed  below: 

Specific  Aim  1:  Characterize  interaction  of  BRCAl  and  S6. 

Task  1:  Establish  vectors/reagents/proteins  required  for  association. 

Completed,  published  in  references  1, 13. 

Task  2:  Develop  in  vitro  association  assy  and  in  vitro  kinase  assays. 

Completed,  unpublished,  we  could  not  confirm  in  vitro  association  of  proteins. 

Task  3:  Determine  ability  of  BRCAl -RF  to  modulate  S6  kinase  activity. 

Not  addressed  due  to  results  of  TASK  2. 

Task  4:  Determine  if  BRCAl  is  a  substrate  of  S6  and  map  regions  required. 

Not  addressed  due  to  results  of  TASK  2. 

Task  5:  Prepare  deletions  mutations  of  BRCAl  and  S6  kinase  to  map  interaction. 

Completed,  published  in  reference  1. 

Specific  Aim  2:  Characterize  the  BRCAl  associated  protein  BAP- 1 . 

Task  6:  Isolate  full-length  cDNA  clones  of  BAP- 1  and  genomic  clones. 

Completed,  cDNA  clone  published  in  (1).  Genomic  clone  is  not  yet  published. 

Task  7:  Sequence  cDNA  of  BAP- 1  and  determine  intron/exon  organization  of  genomic  BAP-1. 

Completed,  in  preparation  for  publication. 

Task  8:  Prepare  recombinant  purified  BAP-1  and  synthetic  peptides  to  coding  region. 
Completed,  published  in  reference  23. 

Task  9:  Prepare  antibodies  to  BAP-1  both  polyclonal  and  monoclonal  and  characterize. 

Completed,  published  in  references  1, 23  and  in  preparation. 
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Task  10:  Isolate  in  vitro  complexes  of  BRCAl  and  BAP-1  via  co-immunoprecipitation,  and 

localize  BAP-BRCAl  subcellularly.  Reconstitute  BAP- 1 /BRCAl  complexes  in  vitro. 
Partially  completed.  The  in  vitro  association  of  BAP-1  and  BRCAl  are  published 
in  reference  1.  However,  this  was  from  complex  mixtures  and  could,  therefore,  be 
indirect  binding.  BRCAl  and  BAP-1  have  been  co-localized  in  cells  (reference  23). 
Task  1 1 :  Prepare  mutations/deletions  of  BRCAl  and  BAP  then  map  interaction  domains. 
Completed,  published  in  reference  1. 

Task  12:  Determine  chromosomal  location  BAP-1  and  promotor  structure  of  BAP-1. 

Partially  completed:  Human  BAP-1  chromosomal  location  was  published  in 
reference  1.  The  promotor  structure  analysis  is  ongoing. 

Specific  Aim  3:  Characterize  BAP-l/BRCAl  in  primary  breast  cancer  specimens  and  look 

for  mutations  in  BAP-1. 

Task  13:  Using  intron-exon  structure  and  PCR-SSCP  based  studies,  look  for  mutation  in  BAP-1 
in  primary  specimens. 

Partially  completed.  More  than  120  tumors  screened  so  far  by  PCR-SSCP. 

Task  14:  Determine  if  expression  of  BAP- 1  in  cultured  breast  cancer  cells  influences  BRCA-1 
function  and  also  determine  if  BAP- 1  itself  is  a  transforming  gene  in  mammary 
epithelial  cells. 

Partially  completed  (see  this  write  up). 

WORK  UNDERTAKEN  NOT  IN  ORIGINAL  SOW 

Because  of  the  clear  role  of  BRCA-1  in  DNA  repair  processes,  we  have  begun  analysis  of 
BAP-1  in  these  pathways.  This  work  is  in  collaboration  with  Dr.  Tony  Leadon  from  UNC  whose 
group  published  the  seminal  work  on  BRCAl  and  its  role  in  DNA  repair 


Key  Research  Accomplishments: 

•  We  have  published  a  complete  characterization  of  BRCA-1  antibodies  (see 
appendices)  and  documented  the  dynamic  cell-cycle  distribution  of  BRCAl  in  the 
nucleus. 

•  We  have  generated  highly  specific  monoclonal  antibodies  to  human  BAPl.  The  BAPl 
Sell  mAb  (Calbiochem  /  Oncogene  Sciences,  Inc.)  recognizes  an  epitope  in  the  region 
spanning  amino  acids  240-598  of  human  BAPl. 

•  We  have  demonstrated  that  BAPl  is  a  bonafide  tumor  suppressor  which  is 
capable  of  suppressing  the  malignant  phenotype  of  BAPl  null-cells  in  a 
transfection  assay  [(these  results  are  in  preparation  for  submission)] 
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Key  Research  Accomplishments  (continued): 


•  We  have  initiated  a  comprehension  analysis  of  the  mutational  status  of 

BAPl  in  both  primary  human  breast  and  lung  tumors  and  in  tumor-derived  cell  lines. 
Our  preliminary  results  suggest  that  a  low  frequency  of  mutation  occurs,  however,  they 
often  inactivate  the  UCH  enzymatic  domain  as  would  be  predicted  from  the  results 
above. 

•  We  have  identified  that  the  NCI-H226  cell  line  is  deleted  for  the  BAPl  gene  thus 
represents  an  important  research  tool  for  characterization  of  BAPl  function.  We  have 
generated  a  panel  of  stable  transfectant  cell  clones  that  express  either  wild  type  and 
mutant  BAPl  proteins. 

•  We  have  demonstrated  that  BRCAl  levels  in  H226  BAP  (-/-)  cells  and  H226  BAP  (+/+) 
complemented  cells  are  the  same,  thus  it  is  unlikely  that  BAPl  stabilizes  BRCAl  protein 
levels. 

•  We  have  begun  pilot  experiments  to  determine  if  BAPl  is  involved  in  the 
BRCAl  pathway  of  transcription-coupled  DNA  repair  (TCR). 

Reportable  Outcomes: 

Manuscripts: 

1.  Jensen,  D.  E.,  Proctor,  M.,  Marquis,  S.  T.,  Gardner,  H.  P.,  Ha,  S.  I.,  Chodosh,  L.  A., 

Ishov,  A.  M.,  Tommerup,  N.,  Vissing,  H.,  Sekido,  Y.,  Minna,  J.,  Borodovsky,  A., 

Schultz,  D.  C.,  Wilkinson,  K.  D.,  Maul,  G.  G.,  Bariev,  N.,  Berger,  S.  L.,  Prendergast,  G. 
C.,  and  Rauscher,  F.  J.,  3rd  BAPl:  a  novel  ubiquitin  hydrolase  which  binds  to  the 
BRCAl  RING  finger  and  enhances  BRCAl -mediated  cell  growth  suppression. 

Oncogene.  16:  1097-112,  1998. 

2.  Maul,  G.G.,  Jensen,  D.E.,  Ishov,  A.M.,  Herlyn,  M.,  and  Rauscher,  III,  F.J.  Nuclear 
Redistribution  of  BRCAl  During  Viral  Infection,  Cell  Growth  &  Diff.  P:743-755,  1998. 

3.  Jensen,  D.E  and  Rauscher,  III,  F.  J.  Defining  biochemical  functions  for  the  BRCAl 
tumor  suppressor  protein:  analysis  of  the  BRCAl  binding  protein  BAPl.  Cancer  Lett. 
143  (l):S13-7,  1999. 

4.  Jensen,  D.  E.  and  Rauscher,  III,  F.J.  BAPl,  a  candidate  tumor  suppressor  protein  that 
interacts  with  BRCAl.  Ann.  New  York  Acad.  Sci.  M6:191-194,  1999. 
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Reportable  Outcomes  (continued): 


Presentations: 

2001  •  Molecular  Targets  in  Cancer  Cells, 

New  Paradigms  in  Research  and  Treatment:  Mumbai,  India 
2000  •  10“’  Reunion  of  The  Pew  Scholars  in  The  Biomedical  Sciences,  Puerto  Vallarta,  Mexico 

•  Gordon  Conference  on  Mammary  Gland  Biology,  Luca,  Italy 

•  DoD  Breast  Cancer  Era  of  Hope  Meeting,  Atlanta,  GE 

•  National  Breast  Cancer  Coalition  Fund,  Jackson  Hole,  WY 

1999  •  Think  Tank  9  Breast  Cancer  Symposium,  St.  Thomas,  Virgin  Islands 

•  Saitama  Medical  School,  Tokyo,  Japan 

1998  •  Think  Tank  8  Breast  Cancer  Symposium,  Coco  Reef,  Tobago,  West  Indies 

•  International  Symposium  Workshop  on  Epidemiology  &  Preventive  Medicine, 

Bangkok,  Thailand 

Patents: 

•  WST68BUSA  "  BRCAl  Associated  Protein  (BAP-1)  and  Uses  Therefor 


Cell  lines  developed: 

•  NCI-H226  NSCLC  complemented  with  wild  type  and  mutant  BAPl  cDNAs 


Antibodies  developed: 

•  BR64  monoclonal  antibody  to  BRCAl  ring  finger  domain 

•Sell  monoclonal  antibody  to  BAPl  amino  acids  240-598  (Calbiochem) 

Funding  applied  for  based  on  work  supported  by  this  award: 

•  NIH  ROl  CA  92088-01  Role  of  BRCAl -Associated  BAPl  in  DNA  Repair 


Research  opportunities  based  on  training  provided  by  this  approval:  (As  one  person  left, 
anotherwas  put  on  this  grant,  so  we  didn't  ever  pay  for  more  people  than  we  were 
budgeted  for.) 


Graduate  Trainee  Term 
David  Jensen,  Ph.D.  1 996- 1 998 
David  Schultz,  Ph.D.  1997-2000 
MarkLechner  2000-2001 

Irina  Feldman  2000-2001 

Jiyoon  Kim  2000-2001 


Current  Career  Status 

Senior  Scientist,  Glaxo  Wellcome  Pharmaceuticals  Inc. 

Ass.  Professor,  Case  Western  Reserve  University 

Assistant  Professor,  DrexelUniversity 

Technician 

Technician 
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Conclusions: 


We  have  discovered  and  characterized  a  novel  protein,  BAPl,  which  binds  to  the  BRCAl 
RING  finger  motif.  A  number  of  lines  of  evidence  are  offered  which  support  a  role  for  BAPl  in 
BRCAl  signal  transduction  pathways.  Specifically,  we  showed  that;  1)  BAPl  binds  to  the 
RING  finger  of  BRCAl,  but  not  to  tumor-derived  mutants  of  BRCAl  or  related  RING  domains; 
2)  The  BAPl -BRCAl  interaction  occurs  in  vitro  and  BAPl  mRNA  is  expressed  in  those  tissues 
which  also  express  BRCAl;  3)  BAPl  is  a  nuclear-localized,  ubiquitin  carboxy-terminal 
hydrolase  (UCH)  which  cleaves  model  ubiquitin  substrates  in  vitro',  4)  BAPl  enhances  BRCAl- 
mediated  suppression  of  cell  growth  in  colony  formation  assays  and  does  so  in  a  manner 
dependent  upon  the  UCH  enzymatic  domain  and  the  BRCAl -interaction  domain;  and  5)  Human 
BAPl  maps  to  3p21.3  and  intragenic,  homozygous  deletions  occur  in  non-small  cell  lung  cancer 
cell  lines.  Together,  these  observations  suggest  that  BAPl  is  a  tumor  suppressor  gene  and  that  it 
serves  either  as  a  regulator  or  an  effector  in  BRCAl  growth  control  pathways.  In  addition,  we 
generated  a  new  monoclonal  antibody  to  BRCAl  and  compared  it  with  other  anti-BRCAl 
antibodies.  The  general  conclusions  derived  from  the  comparison  of  the  different  BRCAl 
antibodies  is  that  1)  they  collectively  validate  the  presence  of  BRCAl  in  the  nucleus  and  2)  they 
can  be  used  to  evaluate  the  redistribution  of  BRCAl  induced  by  physiological  changes,  but  only 
in  cells  where  cross-reactive  proteins  are  absent.  We  found  that  the  BRCAl  containing  nuclear 
domains  are  different  than  any  of  the  well  defined  nuclear  domains.  However,  a  cell  cycle- 
related  partial  overlap  was  found  for  HP  la,  a  chromodomain-containing  protein  involved  in 
heterochromatin  maintenance.  Cellular  stimuli ,  such  as  heat  shock  and  herpesvirus  infection, 
dispersed  BRCAl  from  its  domains.  However,  infection  with  Adenovirus  5  recruited  BRCAl  to 
regions  of  viral  transcription  and  replication.  These  disparate  distributions  of  BRCAl  may 
provide  clues  to  its  dynamic  function.  Both  the  specificity  of  the  BRCAl  RING  finger-BAPl 
interaction  and  the  fact  that  independent,  tumor-derived  missense  mutations  in  the  cysteines  in 
the  BRCAl  RING  finger  domain  abolish  interaction  with  BAPl  provide  compelling  evidence  for 
the  physiological  relevance  of  this  interaction.  Currently  we  are  pursuing  the  following 
questions;  what  are  physiologically  relevant  BAP-1  substrates,  the  role  of  BAP-1  in  regulating 
DNA  repair,  the  interaction  of  BAP- 1  with  BRCA-2  and  finally,  the  role  of  BAP- 1  overall  in 
ubiquitin-regulated  nuclear  processes.  The  support  of  the  US  Army  Breast  Cancer  Program  has 
been  instumental  in  supporting  the  discovery  and  characterization  of  the  BAPl  protein,  a  novel 
BRCAl  associated  protein  and  has  provided  a  basis  for  future  studies  with  broad  implications 
relating  to  ubiquitin  metabolism,  DNA  repair,  and  tumor  suppression. 
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BAPl:  a  novel  ubiquitin  hydrolase  which  binds  to  the  BRCAl  RING  linger 
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We  have  identified  a  novel  protein,  BAPl,  which  binds  to 
the  RING  finger  domain  of  the  Breast/Ovarian  Cancer 
Susceptibility  Gene  product,  BRCAl.  BAPl  is  a  nuclear- 
localized,  ubiquitin  carboxy-terminal  hydrolase,  suggest¬ 
ing  that  deubiquitinating  enzymes  may  play  a  role  in 
BRCAl  function.  BAPl  binds  to  the  wild-type  BRCAl- 
RING  finger,  but  not  to  germline  mutants  of  the 
BRCAl-RING  finger  found  in  breast  cancer  kindreds. 
BAPl  and  BRCAl  are  temporally  and  spatially  co¬ 
expressed  during  murine  breast  development  and  remo¬ 
deling,  and  show  overlapping  patterns  of  subnuclear 
distribution.  BAPl  resides  on  human  chromosome 
3p21.3;  intragenic  homozgyous  rearrangements  and 
deletions  of  BAPl  have  been  found  in  lung  carcinoma 
cell  lines.  BAPl  enhances  BRCAl-mediated  inhibition  of 
breast  cancer  cell  growth  and  is  the  first  nuclear- 
localized  ubiquitin  carboxy-terminal  hydrolase  to  be 
identified.  BAPl  may  be  a  new  tumor  suppressor  gene 
which  functions  in  the  BRCAl  growth  control  pathway. 

Keywords:  ubiquitin  hydrolase;  BRCAl;  chromosome 
3p21.3;  RING  finger 


Introduction 

The  cloning  of  the  chromosome  17q21  BRCAl  breast 
cancer  susceptibility  gene  is  a  landmark  accomplish¬ 
ment  in  cancer  genetics  (Miki  et  ai,  1994).  Germline 
mutations  in  BRCAl  appear  to  account  for  -50%  of 
familial  breast  cancers  and  essentially  all  families  with 
17q21-linked  inherited  susceptibility  to  ovarian  and 
breast  cancer  (Szabo  and  King,  1995).  The  importance 
of  this  gene  is  underscored  by  the  fact  that  kindreds 
segregating  constitutional  BRCAl  mutations  show  a 
lifetime  risk  of  40-50°/o  for  ovarian  cancer  and  >80% 
for  breast  cancer  (Easton  et  ai.  1993,  1995).  The 
classification  of  BRCAl  as  a  highly  penetrant, 
autosomal  dominant  tumor  suppressor  gene  has  been 
genetically  confirmed  by  the  finding  of  frequent  LOH 
of  the  wild-type  allele  in  breast  tumors  from  mutation 
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carriers  (Hall  et  ai,  1990;  Miki  et  ai,  1994;  Smith  et 
ai,  1992).  Surprisingly,  BRCAl  mutations  in  sporadic 
breast  cancer,  including  those  which  show  17  g  LOH, 
have  yet  to  be  found  and  BRCAl  mutations  are 
extremely  rare  in  sporadic  ovarian  cancer  (Futreal  et 
ai.  1994;  Merajver  et  ai.  1995). 

The  BRCAl  locus  spans  >100  kb  comprising  24 
exons  (Miki  et  ai.  1994).  More  than  100  constitutional 
mutations  have  been  identified  in  BRCAl  over  the 
entire  length  of  the  gene.  Some  clustering  of  .  these 
mutations  has  been  seen  in  populations,  and  genotype- 
phenotype  correlations  have  been  suggested  (FitzGer¬ 
ald  et  ai.  1996;  Ford  et  ai,  1994;  Muto  et  ai.  1996; 
Roa  et  ai,  1996;  Struewing  et  ai,  1995).  The  majority 
of  germline  mutations  result  in  a  truncated  BRCAl 
protein  although  recurrent  missense  mutations  result¬ 
ing  in  amino  acid  substitutions  in  kindreds  have  also 
been  observed  (Couch  and  Weber,  1996).  The 
heterogeneity  of  BRCAl  mutant  proteins  produced 
by  this  spectrum  of  genetic  mutations  suggests  that 
multiple,  independent  functions  and/or  .  protein- 
protein  interaction  surfaces  are  targets  for  mutational 
inactivation.  However,  the  biochemical  functions  of 
BRCAl  are  largely  unknown. 

The  predominant  BRCAl  mRNA  of  8.0  kb  encodes 
a  1863  amino  acid  protein  with  only  a  few  sequence 
motifs  suggestive  of  function  (Miki  et  ai.  1994).  There 
are  two  highly  conserved  regions.  The  first  is  the  100 
amino  acid  N-terminus  which  encodes  a  RING  finger 
motif,  a  domain  that  is  predicted  to  bind  zinc  and  may 
be  a  protein -protein  interaction  motif  (Borden  et  ai. 
1995;  Lovering  et  ai.  1993).  The  second  region  is  at  the 
C-terminus  which  contains  an  acidic  region  and  two 
copies  of  a  novel  motif,  designated  the  BRCT  domain. 
The  BRCT  domain  is  present  in  a  variety  of  putative 
cell-cycle  related  proteins,  including  RAD9  and  53BP1 
(Koonin  et  ai.  1996).  The  most  abundant  BRCAl 
protein  is  apparently  a  —220  kDa  phosphoprotein 
which  is  predominantly,  but  apparently  not  exclusively, 
nuclear  in  subcellular  distribution  (Chen  et  ai.  1995, 
1996b;  Scully  et  ai.  1996).  BRCAl  is  localized  to 
discrete  nuclear  dot  structures  in  a  cell-cycle-dependent 
manner  (Scully  et  ai.  1997b).  Other  isoforms  of 
BRCAl  have  been  detected  including  a  protein  of- 
97  kDa.  This  smaller  form  lacks  exon  11,  and  thus  a 
functional  nuclear  localization  signal,  and  is  presum¬ 
ably  the  result  of  an  alternative  splicing  event  (Thakur 
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et  al.,  1997).  The  above  observations,  coupled  with  the 
finding  of  a  BRCAl  COOH-terminal  domain  capable 
of  activating  transcription  as  a  Gal4  DNA-binding 
domain  fusion  (Chapman  and  Verma,  1996)  and  the 
co-fractionation  of  BRCAl  with  the  RNA  pol  II 
holoenzyme  (Scully  et  ai,  1997a),  suggest  a  role  for 
BRCAl  in  transcriptional  regulation. 

The  expression  patterns  of  BRCAl  further  support 
its  role  in  growth  regulation  and/or  differentiation.  The 
spatial-temporal  expression  pattern  in  the  embryonic 
mouse  includes  the  neuroepithelium,  and  epithelial 
lineages  of  the  skin,  kidney  and  mammary  gland 
(Marquis  et  aL,  1995).  Moreover,  BRCAl  mRNA  is 
sharply  increased  in  alveolar  and  ductal  cells  of  the 
breast  epithelia  during  pregnancy  (Marquis  et  aL. 

1995) .  Consistent  with  this,  BRCAl  transcription  is 
under  (indirect)  hormonal  control  in  both  cell  culture 
and  organismal  systems  (Gudas  et  a!.,  1995.  1996; 
Vaughn  et  ai.  1996:  Marks  et  ai.  1997).  BRCAl  is  also 
highly  expressed  in  the  adult  testis  during  the  final 
stages  of  meiosis  and  spermiogenesis  (Zabludoff  et  ai, 

1996) ,  Together,  these  observations  suggest  a  broad 
role  for  BRCAl  in  terminal  differentiation  events  in 
multiple  tissues.  Somewhat  paradoxically,  the  murine 
brcal—j—  embryos  die  very  early  in  gestation  and 
exhibit  severe  cell  proliferation  defects  and  profound 
cell  cycle  arrest  (Hakem  et  ai,  1996:  Liu  et  ai,  1996). 
The  association  of  BRCAl  expression  with  both 
proliferation  and  differentiation  events  suggests  a 
possible  role  for  BRCAl  in  regulating  a  genetic 
program  which  prepares  the  cell  for  terminal  differ¬ 
entiation  and  possibly  maintains  that  phenotype. 
Results  of  cell  culture  and  transfection  studies  have 
underscored  the  tumor  suppression  function  of 
BRCAl,  but  have  revealed  little  of  possible  mechan¬ 
isms.  BRCAl  antisense  expression  can  transform 
fibroblasts  and  accelerates  growth  of  breast  cancer 
cell  lines  (Rao  et  ai,  1996;  Thompson  et  ai,  1995). 
Expression  of  wild-type  BRCAl  inhibits  colony 
formation  and  tumor  growth  in  vivo,  whereas  tumor 
derived  mutants  of  BRCAl  lack  this  growth  suppres¬ 
sion  activity  (Holt  et  ai,  1996). 

Evidence  of  a  role  for  BRCAl  as  a  terminal 
differentiation  checkpoint  has  recently  been  provided 
by  the  finding  that  BRCAl  and  the  RAD51  protein 
(involved  in  DNA  recombination/ repair)  are  co¬ 
localized  and  physically  associated  in  mitotic  and 
meiotic  cells  (Scully  et  ai,  1997b).  The  co-localization 
of  BRCAl  and  RAD5I  on  synaptonemal  meiotic 
chromosomes  suggests  a  role  for  this  complex  in 
either  the  fidelity  of  DNA  replication,  cell-cycle 
progression  or  genomic  integrity.  Though  intriguing, 
these  results  do  not  suggest  a  function  for  BRCAl 
which,  when  lost  through  mutation  of  the  BRCAl 
gene,  would  give  rise  to  tumors.  Strategies  based  upon 
identification  of  proteins  which  bind  to  BRCAl  have 
yielded  components  of  the  nuclear  import  pathway 
(Chen  et  ai.  1996a)  and  a  novel  RING  finger'BRCT- 
domain-containing  protein,  BARDl  (Jin  et  ai,  1997; 
Wu  et  ai,  1996).  However,  none  of  these  associated 
proteins  have  suggested  a  function  for  BRCAl. 

We  have  chosen  to  focus  upon  the  highly  conserved 
BRCAl  RING  finger  domain  as  a  potential  protein - 
protein  interface.  This  motif  is  defined  by  a  spatially 
conserved  set  of  cysteine -histidine  residues  of  the  form 
C5HC4.  Structural  analysis  of  the  motif  shows  that  two 


molecules  of  zinc  are  chelated  by  the  consensus 
residues  in  a  unique  ‘cross-braced’  fashion  (for 
reviews,  see;  Klug  and  Schwabe,  1995;  Saurin  et  ai, 
1996).  Comparative  structure  analyses  suggest  that  the 
RING  fingers  have  a  common  hydrophobic  core 
structure  but  that  the  region  encoded  by  amino  acids 
spanning  cysteines  24  and  64  (for  BRCAl)  forms  a 
highly  variable  loop  structure  which  may  be  the 
determinant  of  protein -protein  interaction  specificity. 
The  RING  motif  occurs  in  over  80  proteins  including 
the  products  of  proto-oncogenes  and  putative  tran¬ 
scription  factors  (Saurin  et  ai,  1996).  Evidence  that  the 
RING  finger  domain  functions  as  a  protein -protein 
interface  has  come  from  the  study  of  the  proto¬ 
oncogene  PML  (Borden  et  ai,  1995)  and  the 
transcriptional  co-repressor  KAP-1  (Friedman  et  al., 
1996).  Intriguingly,  like  BRCAL  both  PML  and  KAP- 
1  are  localized  to  discrete,  non-overlapping,  nuclear  dot 
structures,  and  mutations  in  the  RING  finger  of  PML 
abolish  its  localization  to  these  dot  structures  (Borden 
et  al.,  1995). 

We  hypothesize  that  the  BRCAl  RING  finger  is  a 
binding  site  for  protein(s)  which  either  mediate  BRCAl 
tumor  suppressor  function  or  serve  to  regulate  these 
functions.  Genetic  evidence  supports  this  in  that  single 
amino-acid  substitutions  at  metal  chelating  cysteines, 
C61G  and  C64G,  occur  in  BRCAl  kindreds;  these 
mutations  segregate  with  the  disease  susceptibility 
phenotype  and  are  predicted  to  abolish  RING  finger 
structure.  We  have  used  the  yeast  two-hybrid  system  to 
isolate  proteins  which  bind  to  the  wild-type  BRCAl 
RING  finger  but  not  to  the  C61G  or  C64G  mutated 
RING  fingers  or  other  closely  related  RING  fingers. 
We  have  isolated  mouse  and  human  clones  of  a  novel 
protein,  )9RCA1  associated  protein- 1  (BAP),  which 
fulfils  these  criteria.  BAPl  is  a  novel,  nuclear-Iocalized 
enzyme  which  displays  the  signature  motifs  and 
activities  of  a  ubiquitin  carboxy-terminal  hydrolase. 
Full-length  BRCAl  binds  to  BAPl  in  vitro  and 
enhances  the  growth  suppression  properties  of 
BRCAl  in  colony  formation  assays.  The  human 
BAPl  locus  was  mapped  to  chromosome  3p21.3,  and 
homozygous  deletions  of  BAPl  were  found  in  non- 
small  cell  lung  cancers.  Together,  these  data  suggest 
that  BAPl  is  a  key  player  in  the  BRCAl  growth 
suppression  pathway,  and  may  itself  be  a  tumor 
suppressor  gene.  The  identification  of  BAPl  as  a 
ubiquitin  hydrolase  implicates  the  ubiquitin-protea- 
some  pathway  in  either  the  regulation,  or  as  a  direct 
effector,  of  BRCAl  function.  BAPl  is  the  first  nuclear- 
locaiized  ubiquitin  carboxy-terminal  hydrolase  to  be 
identified,  and  may  play  a  broad  role  in  ubiquitin- 
dependent  regulatory  processes  within  the  nucleus, 
including  the  emerging  roles  of  ubiquitin  conjugation 
as  a  post-translational  modification  which  alters 
protein  function  and  or  subcellular  targeting. 


Results 

A  yeast  two-hybrid  screen  for  BRC.il  RING  finger 
interacting  proteins 

We  constructed  a  synthetic  BRCAl  gene  encoding  the 
amino-terminal  100  amino  acids  of  human  BRCAl 
using  long  oligonucleotides  and  PCR-mediated  over- 


lap-extension  gene  synthesis  techniques  (Madden  et  al., 
1991).  Codon  usage  was  optimized  for  expression  in  E. 
coli  and  S.  cerevisiae.  The  resulting  gene  was  fused  to 
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the  LexA  DNA  binding  domain  (Figure  lb).  The 
negative  control/specificity  controls  included:  (1)  the 
Cys61Gly,  Cys64Gly,  MetlSThr  and  Arg71Gly  muta- 
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Figure  1  BRCAl  RING  finger  domain  binds  a  novel  protein,  (a)  .Alignment  of  the  RING  finger  domains  of  human  and  mouse 
BRCAl  (AA‘s  21-67),  RPT-l  (AA's  12-61;  the  most  closely  related  RING  finger)  and  BARDl  (AA’s  47-89).  Asterisks  (*) 
identify  the  Zn-chelating  amino  acids  that  form  the  core  of  the  RING  finger.  Boxed  amino  acids  show  regions  of  identity  between 
the  RING  finger  domains  of  human  BRCAl  and  the  other  proteins.  .Alignment  performed  by  CLUSTALW  (Thompson  et  al., 
1994).  (b)  The  amino-terminal  100  amino  acids  of  human  BRC.AI  (which  includes  the  RING  finger  domain)  or  the  indicated  amino 
acids  of  the  various  BRCAl -RF  mutants  and  controls  were  fused  to  the  LexA  DNA-binding  domain.  Expression  of  all  fusions  in 
yeast  was  confirmed  by  Western  analysis.  A  summary  of  the  two-hybrid  interaction  between  the  GaI4-hBAPl(483-729)  fusion  clone 
and  the  various  LexA-RING  finger  fusions  is  shown,  (c)  The  BRCAl -interacting  protein  specifically  interacts  with  the  BRCAl 
RING  finger  domain.  Two  hybrid  screens  of  a  human  B-cell  library  and  a  mouse  embryo  (9.5-10.5  days)  library  identified  a 
protein  that  interacted  with  wild  type  BRCAl -RF.  but  not  with  bRC.Al-del3l  (a  truncated  BRCAl),  BRCAl(Cys64Gly)  (a 
BRCAl -RF  containing  a  point  mutation),  RPT-l  (a  RING  finger  closely  resembling  the  BRCAl),  or  RhoB  (a  non-related 
protein).  Dark  color  of  yeast  indicates  transcription  from  the  LacZ  reporter  gene.  Clones  obtained  from  the  two  libraries  are 
described  as  partial  BAPl  proteins  with  AAs  in  parentheses,  h.  human:  m.  mouse,  (d)  The  two-hybrid  interaction  between  the 
BRCAl  RING  domain  and  BAPl  requires  the  BAPl  C-terminal  domain.  Murine  clone  mBAP  1(596 -721)  defines  a  portion  of  the 
BRCAl -interaction  domain  of  BAPl.  Mutants  of  this  clone  were  generated  by  PCR-based  deletion  or  point  mutagenesis  of 
mBAPl(596-721)  as  described  in  Materials  and  methods.  Each  individual  mutant  was  co-transformed  with  LexA-BRCAl -RF  into 
yeast  and  tested  for  interaction  via  its  ability  to  activate  transcription  from  the  LacZ  locus.  Expression  of  all  fusions  in  yeast  were 
confirmed  by  Western  analysis 
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tions  that  occur  in  BRCAl  families;  (2)  the  protein  BRCAl  RING  finger  at  amino  acid  31,  the  result  of  a 

'  ^  equivalent  of  the  del  AG  185  mutation  which  results  in  PCR  error;  (4)  the  RPT-1  RING  finger  domain,  a 

a  frame-shift  at  amino  acid  22  followed  by  17  out-of-  putative  lymphocyte-specific  transcription  factor, 

frame  amino  acids  and  a  stop  codon;  (3)  a  truncated  whose  RING  finger  domain  is  most  highly  related  to 
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Figure  2  BAPl  is  a  novel  ubiquitin  carboxy-terminal  hydrolase  (UCH).  (a)  The  nucleotide  and  amino  acid  sequence  of  BAPl.  The 
longest  open  reading  frame  which  contained  the  amino  acids  defined  by  the  human  2-hybrid  fusion  protein  is  2188  nucleotides 
encoding  729  amino  acids.  The  cDNA  also  contains  39  nucleotides  of  5'UTR  and  1295  nucleotides  of  3'UTR.  The  enzymatic  active 
site  is  contained  within  the  first  250  amino  acids;  the  active  site  residues  are  circled.  The  putative  nuclear  localization  signals  (NLS) 
are  underlined,  the  BRCAl -interaction  domain  is  bo.xed  and  the  protein  fragment  used  to  generate  BAPl  polyclonal  antibodies  is 
bracketed  (AAs  483-576).  (b)  Comparison  of  BAPl  with  other  UCH’s.  UCH  DROME  (genebank  #P35122),  YUHI  (genebank 
#P35I27),  UCHL-l  (genebank  ?^P09936),  UCHL-3  (genebank  iijiPl5374),  UCH  A.cai.  (genebank  #U90177).  The  BLAST  search 
algorithm  was  used  to  identify  proteins  closely  related  to  BAPl  (Altschul  et  al..  1990).  T^e  UCH  domain  of  five  of  these  proteins 
were  aligned  with  BAPl  using  the  CLUSTALW  (ver,1.6)  algorithm  (Thompson  et  al.,  1994).  Residues  conserved  between  species 
with  an  identity  of  85%  or  greater  are  boxed.  Active  site  residues  are  denoted  with  asterisks.  The  catalytic  cysteine  is  marked  with  a 
circled  asterisk,  (c)  Diagrammatic  comparison  between  BAPl  and  some  of  the  other  UCH  family  members 
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that  of  BRCAl  (Patarca  et  ai,  1988);  and  (5)  a  LexA 
’  fusion  with  RhoB.  The  wild-type  BRCAl  RING  finger 
(BRCAl -RF)  did  not  display  intrinsic  transcriptional 
activation  function  in  yeast,  and  expression  of  each 
LexA  fusion  in  yeast  was  confirmed  by  Western  blot 
analysis  with  anti-LexA  antibody  (data  not  shown). 

Guided  by  the  expression  patterns  of  BRCAl 
during  mouse  development  and  in  human  spleen,  we 
chose  to  screen  cDNA  libraries  constructed  from 
E9.5-I0.5d  whole  mouse  embryos  and  human  adult 
B  cells  with  the  LexA-BRCAl  -  RF.  Thirty-one 
cDNAs  which  specifically  interacted  with  BRCA-RF 
were  obtained:  eight  of  these  (three  from  the  human 
library  and  five  from  the  mouse  library)  encoded  the 
same  amino  acid  sequence.  These  were  designated 
J?RCA1  ,4ssociated  Protein-1  (BAPl)  and  pursued 
further.  Each  clone  shares  the  same  translational 
reading  frame  with  respect  to  the  transcriptional 
activation  domain  to  which  it  is  fused.  In  addition, 
the  fusion  junctions  were  different  among  the  clones, 
suggesting  that  the  interaction  was  not  due  to  a 
fusion-junction  artifact.  Furthermore,  the  hBAPl 
(483-729)  and  the  BRCAl -RF  interacted  strongly 
in  a  mammalian  two-hybrid  assay  (data  not  shown). 
The  longest  BAPl  cDNA  retrieved  in  the  two-hybrid 
screen  was  a  '^2.0  kbp  clone  from  the  human  library 
and  encoded  246  amino  acids  followed  by  a  1.3  kb 
3'UTR.  Each  murine  clone  encoded  an  overlapping, 
smaller  subset  of  this  human  open  reading  frame  with 
a  human-murine  AA  sequence  identity  of  100%  over 
the  COOH-terminal  100  AAs  (data  not  shown).  Both 
human  and  mouse  clones  showed  a  strong  interaction 
with  the  wild-type  BRCAl -RF  and  BRCAl 
(ArgTlGly)  substitution,  but  failed  to  interact  with 
the  C64G,  C61G,  del31,  del  AG,  RPT-1,  RhoB,  or  a 
variety  of  other  LexA  fusion  constructs  (Figure  lb,c 
and  data  not  shown). 

Further  definition  of  this  highly  conserved  interac¬ 
tion  domain  was  performed  by  mutagenesis  of  this 
region  of  BAPl.  Deletion  of  protein  sequence  from  the 
carboxyl  or  amino  termini  of  mBAP  1(596 -721)  almost 
completely  destroyed  the  BAPl-BRCAl  interaction 
(Figure  Id),  possibly  suggesting  an  extended  interface 
between  the  proteins.  Interestingly,  the 
mBAPl(518deI718)  clone  interacted  most  poorly  with 
BRCAl -RF  (Figure  Ic)  and  lacked  a  93  bp  sequence 
(the  reading  frame  was  maintained),  possibly  the  result 
of  a  naturally  occurring  splice  variant.  That  BAPl  also 
failed  to  bind  multiple,  independent  tumor-derived 
mutations  of  the  BRCAl -RF  provides  strong 
evidence  for  the  relevance  of  this  interaction  to  the 
functions  of  BRCAl. 

Analysis  of  the  BAPl  cDNA 

A  full-length  cDN.A.  was  constructed  using  two 
IMAGE  consortium  EST  clones  and  RT-PCR 
(Figure  2a:  see  Materials  and  methods).  The  BAPl 
cDNA  comprises  3525  bp:  a  polyA  tract  is  present 
along  with  multiple  polyA  signals.  Conceptual  transla¬ 
tion  yields  a  long  open  reading  frame  of  729  amino 
acids  with  a  predicted  MW  of  81  kDa  and  pi  of  6.3. 
The  presumptive  initiator  methionine  is  within  a 
favorable  context  for  translation  start,  however  the 
short  5'UTR  of  39  bp  encodes  amino  acids  in-frame 
with  the  presumptive  methionine  and  does  not  contain 
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Figure  3  BAPl  has  ubiquitin  hydrolase  activity,  BAPl,  or  an 
enzymatically  null  mutant,  BAP1(C9IS),  were  expressed  in 
bacteria  by  IPTG  induction.  Bacteria  were  harvested,  lysed  and 
supernatant  (Sup)  and  pellet  (Ppt)  fractions  generated.  Each 
fraction  was  then  measured  for  UCH  activity  (bar  diagram:  n.d,. 
not  detected).  Induction  of  protein  was  verified  by  SDS-P.^GE 
of  each  fraction.  Arrow  indicates  BAPl  and  BAP1(C91S)  protein 


a  stop  codon.  Computer  database  searches  indicated 
that  BAPl  is  a  novel  protein  with  the  amino-terminal 
240  amino  acids  showing  significant  homology  to  a 
class  of  thiol  proteases,  designated  ubiquitin  C-terminal 
hydrolases  (UCH),  which  are  implicated  in  the 
proteolytic  processing  of  ubiquitin  (Wilkinson  et  aL, 
1989).  These  enzymes  play  a  key  role  in  protein 
degradation  via  the  ubiquitin-dependent  proteasome 
pathway.  Similarities  to  other  mammalian  UCHs 
(UCH-L3  and  UCH-Ll)  have  been  found  (Figure  2b 
and  c).  Most  importantly,  the  residues  which  form  the 
catalytic  site  (Q85.  C91.  HI  69  and  D184)  are 
completely  conserved,  including  the  FELDG  motif 
(Larsen  et  ai,  1996).  In  addition,  a  loop  of  highly 
variable  sequence,  which  is  disordered  in  the  crystal¬ 
lographic  structure  of  human  UCH-L3  (Johnston  et 
ai.  1997).  is  present  (residues  140-  167).  This  loop  may 
occlude  the  active  site  or  provide  substrates  specificity 
for  the  enzyme. 

BAPl  has  a  number  of  additional  motifs:  a  region  of 
extreme  acidity  spanning  amino  acids  396  to  408,  as 
well  as  multiple  potential  phosphorylation  sites  and  N- 
linked  glycosylation  sites  (Figure  2a).  The  C-terminal 
one-third  is  highly  charged  and  is  rich  in  proline,  serine 
and  threonine.  The  extreme  C-terminus  contains  two. . 
putative  nuclear  localization  signals,  KRKKFK  and 
RRKRSR  and  is  hydrophilic,  it  is  predicted  to  fold 
into  a  helical  (possibly  coiled-coil)  structure  (Figure  2a; 
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Protein  COSl  C0S1 
Source:  BRCAI-aH  BAPI 
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Fi«urc  4  BAPI  and  BRCAl  tnioraci^///  nV/v/  and  ;>/  nm.  la)  BRCAl  and  GST-liBAPI(4S.>  -  729}  interact  in  viiro.  GST.  GST- 
hBAPI(48j - 729)  and  GST-hBAPl(48_' - 594)  tusion  proteins  were  expressed  in  E.  coli  and  purified  as  described  in  Materials  and 
methods.  The  Glutathione-Sepharose  resins,  containing  an  equi\'alent  amount  of  fusion  protein,  were  incubated  in  batch  with  in 
v//ro-expressed.  ‘*S-!abeled,  BRCAl.  Alter  extensive  washing,  the  proteins  which  remained  bound  were  analysed  by  SDS-PAGE 
and  fluorography.  Lane  1.  Input  2%  of  the  labeled  BRC.-\l  used  in  the  associations  with  the  glutathione  resins.  Lane  2.  molecular 
weight  markers.  Lane  j.  proteins  bound  to  GST  alone.  Lane  4.  proteins  bound  to  GST-hBAP-l(483 -729).  Lane  5,  proteins  bound 
to  GST-hBAPl-{48j -594),  a  fusion  protein  lacking  the  BRC.-X  l-inieraction  domain.  Arrovv  indicates  the  BRCAl  protein,  (b)  Co- 
immunoprecipitation  of  BRCAl-AIl  and  BAPI.  COSl  cells,  transiently  transfected  with  BRC.Al-AIl.  BAPI,  or  BRCAI-All  and 
BAPI  together,  were  treated  with  DMSO  (— )  or  with  2>  u\\  .ALLN  (  — )  for  16  h.  Whole  cell  extracts  were  prepared  after  metabolic 
labeling  and  then  immunoprecipitated  with  anti-BAPi  antibody  (BAPI)  or  with  anti-BRCAI  antibody.  C20  (BRCAl)  as  indicated. 
Immunoprecipitated  proteins  were  visualized  by  SDS-PAGE  and  fluorography.  The  BAPI  and  BRC.Al-AI  1  proteins  are  indicated, 
(c)  BRCAl  and  BAPI  partially  co-localize  in  the  nucleus.  .Asynchronous  Rh3()  cells  were  co-stained  with  the  BRCAl -specific  BR64 
monoclonal  antibody  (green,  top  and  bottom  panels:  Upstate  Biotechnology)  and  a  BAPI  specific,  affinity-purified  polyclonal 
antibody  (red,  middle  and  bottom  panels).  Top  and  middle  panels  are  single  color  readouts  of  the  dual  color  bottom  panel.  Yellow 
is  produced  where  green  and  red  images  overlap 
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S  Subbiah,  personal  communication).  Indeed,  within 
this  domain  the  mutation  of  leucine  691  to  a  pro  line,  a 
’change  predicted  to  disrupt  the  helical  nature  of  this 
region,  abolished  the  BAPl-BRCAl  interaction 
(Figure  Id).  This  result  is  consistent  with  the 
hypothesis  that  BAPl  uses  a  coiled-coil  domain  to 
interact  with  the  RING  finger  domain  of  BRCAI.  This 
overall  architecture  suggests  that  BAPl  is  a  new. 
structurally  complex,  nuclear-localized  member  of  the 
UCH  enzyme  family. 


BAPl  has  UCH  activity 

To  determine  whether  BAPl  did  indeed  have  UCH 
enzymatic  activity.  BAPl  was  expressed  in  bacteria  and 
this  protein  was  assayed  for  the  ability  to  hydrolyze  the 
glycine  76  ethyl  ester  of  ubiquitin  (Ub-OEt;  Mayer  and 
Wilkinson.  1989).  IPTG-induced  expression  of  BAPl  in 
bacteria  led  to  abundant  protein,  most  of  which  was 
found  in  an  inactive,  insoluble  form  (Figure  3a,  ‘BAPl 
induced-Ppt').  The  BAPl  protein  found  in  the  soluble 


Figure  5  Tissue,  spatial  and  temporal  pattern  of  BAPl  expression,  (a)  Northern  hybridization  analysis  of  human  RNA  from 
multiple  tissues.  Northern  blots  that  contain  human  RNA  from  the  indicated  tissues  were  probed  with  '"P-labeled  hBAP- 1(483 - 
729)  cDNA  (nts.  1488-3525).  The  blots  were  subsequently  probed  with  a  muscle  actin  cDNA.  (b)  Northern  hybridization  analysis 
of  Bapl  expression  during  mammary  gland  development.  A  Northern  blot  containing  poly(.A)’  RNA  isolated  trom  mouse 
mammary  glands  at  the  indicated  developmental  stages  was  probed  with  '“P-labeled  mBAPl(596-72I)  cDNA.  Note  that  mouse 
Bapl  RNA  is  slightly  smaller  than  the  human  BAP  I  RNA.  (c)  In  situ  hybridization  analysis  of  Bapl  expression.  Bright-held  (1.  3,  5, 
7,  9  and  1 1)  and  dark-field  (2,  4,  6.  8,  10  and  12)  photomicrographs  of  in  situ  hybridization  analyses  performed  on  paraffin  sections 
of  mammary  glands  harvested  from  adolescent  (1-4).  mature  (5.  6)  or  pregnant  (9,  10)  mice.  Also  shown  are  sections  of  testis  (7,  8) 
and  ovary  (II,  12).  To  facilitate  comparison,  dark-field  photomicrographs  of  breast  were  taken  using  identical  shutter  exposure 
times,  al,  alveolar  bud;  d,  ductal  epithelium;  lu.  ductal  lumen;  si,  stroma:  teb.  terminal  end  bud;  d.  bm,  basement  membrane;  se, 
semeniferous  tubule;  f,  developing  follicle;  g,  granulosa  cells;  th,  thecal  cells;  ct,  connective  tissue 
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*  fraction  was  able  to  hydrolyze  Ub-OEt,  indicating  that 
*BAP1  contains  UCH-like  enzymatic  activity  (Figure 
3b).  The  active  site  thiol  residue  responsible  for  UCH 
activity  in  UCH-L3  has  been  identified  and  its 
mutation  leads  to  abolition  of  enzyme  activity 
(Larsen  et  al.,  1996).  Mutation  of  the  corresponding 
cysteine  residue  in  BAP  I,  BAP1(C91S),  yielded  a 
protein  with  no  detectable  UCH  activity  (Figure  3b) 
further  supporting  the  conclusion  that  BAP  I  is  a  thiol 
protease  of  the  UCH  family. 


BAP  I  associates  nith  BRCAI  in  vitro  and  in  vivo 

Association  of  BRCAI  with  BAPl  was  tested  in  vitro 
by  binding  of  full-length  BRCAI  to  hBAPI(483-729) 
fused  to  glutathione  S-transferase  (GST:  Figure  4a). 
The  -^S-labeled  BRCAI,  produced  by  coupled  in  vitro 
transcription  and  translation,  specifically  bound  to  the 
GST-hBAPl(483-729)  fusion  protein,  but  not  to 
GST  alone  (Figure  4a)  indicating  a  physical  associa¬ 
tion  between  the  two  proteins.  As  predicted  from  the 
yeast  two-hybrid  results  (Figures  Id  and  4a),  BRCAI 
did  not  bind  to  GST -hBAP  1(483 -594),  a  GST- 
BAPl  fusion  protein  lacking  the  BRCAI  interaction 
domain. 

To  determine  whether  BRCAI  and  BAPl  could 
interact  in  mammalian  cells,  a  co-immunoprecipitation 
analysis  from  co-transfected  COSl  cells  was  performed 
(Figure  4b).  Several  attempts  to  transiently  express 
BRCAI  to  any  significant  level  in  COSl  cells  were 
without  success.  Therefore,  we  performed  the  analysis 
with  BRCAl-All.  a  naturally  occurring  splice  variant 
(Thakur  et  ai.  1997)  which  can  be  expressed  in  these 
cells  and  which  contains  the  RING  finger  domain.  The 
proteasome/caspase  inhibitor  ALLN  (N-acetyl-L-Leuci- 
nyl-L-Leucinyl-L-norLeucinal)  was  included  in  the 
analysis  to  determine  its  influence  on  the  stability  of 
the  interaction  between  BRCAI  and  BAPl.  BRCAl- 
All  was  detected  by  immunoprecipitation  as  a  sharp 
band  at  ^99  kDa  in  singly  transfected  COSl  cells 
(Figure  4b,  lane  1).  Incubation  of  a  parallel  set  of 
transfected  cells  with  ALLN  (20  h)  prior  to  harvest 
revealed  a  discrete  slower  migrating  band  in  the  anti- 
BRCAl  immunoprecipitates  (Figure  4b,  lane  2). 
Immunoprecipitates  from  BAPl -transfected  COSl 
cells  revealed  a  91  kDa  protein  whose  mobility  was 
apparently  unaffected  by  treatment  with  ALLN  (Figure 
4b,  lanes  3  and  4).  Co-transfection  of  COSl  cells  with 
BRC.Al-All  and  BAPl  revealed  that  these  proteins 
could  be  co-immunoprecipitated  using  either  anti- 
BAPl  or  anti-BRCAl  antibodies  (Figure  4b.  lanes  9 
and  10);  the  ability  to  detect  the  BRCAI -BAPl 
complex  under  these  conditions  was  dependent  upon 
incubation  of  the  cells  with  the  proteasome  inhibitor. 
In  co-transfected,  ALLN-treated  cells,  both  forms  of 
BRCAl-All  are  evident  in  the  co-immunoprecipitated 
complex,  and  both  forms  are  more  abundant  than 
singly  transfected  cells  (compare  lanes  2  and  10).  These 
results  demonstrate  the  in  vivo  association  of  BRCAI 
and  BAPl,  and  suggest  the  presence  of  a  proteasome 
inhibitor-sensitive  modification  of  BRCAI  which  may 
enhance  its  interaction  with  BAPl. 

To  further  document  the  in  vivo  interaction  between 
BAPl  and  full-length  BRCAI,  we  determined  whether 
the  endogenous  (non-transfected)  proteins  were  co¬ 
localized  in  the  cell  nucleus  (Figure  4c).  A  mouse 


monoclonal  antibody  to  BRCAI  (Maul  et  aL,  manu¬ 
script  in  preparation)  and  affinity  purified  rabbit  BAPl 
antibody  were  used  to  stain  rhabdomyosarcoma  cells 
(Rh30),  a  cell  line  previously  determined  to  express 
BAPl  RNA  (Jensen  and  Rauscher,  unpublished 
results).  BRCAI  was  detected  exclusively  in  punctate 
domains  within  the  nucleus  (excluding  nucleoli)  in 
agreement  with  other  reports  (Jin  et  aU  1997;  Scully  et 
ai^  1997b).  BAPl  was  also  detected  in  punctate 
domains  within  the  nucleus  of  Rh30  cells,  however, 
the  number  of  domains  was  significantly  greater  than 
for  BRCAI.  Several  of  the  BRCAI  domains  coincided 
with  BAPl  domains  (yellow  dots  in  the  bottom  panels), 
suggesting  an  endogenous  BRCA  1-BAP  1  interaction. 
We  also  detected  BRCAI  reactive  domains  which  were 
not  co-Iocalized  with  BAPl  domains  as  has  been  seen 
with  other  BRCA  I -interacting  proteins  (Figure  4c;  Jin 
et  ai.  1997;  Scully  et  aL.  1997b).  These  data  show  that 
BAPl  and  BRCAI  can  physically  interact  in  vitro  and 
in  vivo,  and  have  overlapping  subnuclear  expression 
patterns. 


a 


pCMVSr 

V#ct9r  BAPl  BAP1(1 85-729) 


P*rc«nt  of  Victor 
Colony  Number 


pcONA3 

pCUVS 

— 

— 

BRCAI 

_ 

BRCAI 

8AP1 

BRCAI 

BAP  1(1 65-729) 

_ 

BRCAI-  All 

_ 

BRCAI-  A11 

0AP1 

BRCAI-  All 

BAP  1(166-729) 

_ 

— 

BAPl 

— 

BAP  1(1 66-729) 

«  20 

\ - - 


•0  10  too  t20 


M 


M 


WZ/A 


Figure  6  BAPl  enhances  BRCA  I -mediated  growth  suppression, 
(a)  MCF7  cells  were  co-transfected  with  each  of  the  plasmid 
constructs  shown.  Cells  were  then  harvested  and  5x10^  cells  were- 
plated  in  duplicate  into  complete  medium  containing  G418. 
Twenty-one  to  28  days  later,  cells  were  stained  and  colonies 
counted.  The  e.xperiment  w'as  repeated  four  times  with  similar 
results,  (b)  Quantitation  of  the  results  from  (a) 
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BAPl  is  expressed  in  a  temporal  and  spatial  pattern 
during  breast  development! remodeling 

The  physical  interaction  between  BAP  I  and  BRCAi 
suggests  that  the  proteins  might  be  expressed  in  similar 
tissues.  Northern  blot  hybridization  analysis  of  BAPl 
expression  in  a  variety  of  human  adult  tissues  indicated 
that  human  BAPl  was  encoded  by  a  single  mRNA 
species  of  kb  in  all  tissues  except  testis,  where  a 
second,  -^4.8  kb  mRNA,  was  also  detected  (Figure 
5a).  High  expression  was  detected  in  testis,  placenta 
and  ovary,  with  varying  levels  detected  in  the 
remaining  tissues.  Expression  of  BAPl  in  normal 
human  breast  tissue  was  detected  by  RT-PCR  of 
total  RNA  isolated  from  normal  human  mammary 
epithelial  cells  (data  not  shown). 

Northern  analysis  and  in  situ  hybridization  were 
performed  to  determine  whether  the  spatial  and 
temporal  pattern  of  Bap!  expression  in  the  breast 
corresponded  to  that  previously  described  for  Brcal 
(Figure  5b  and  c;  Marquis  et  ai.  1995).  Bap  I  was 
expressed  at  slightly  higher  levels  in  the  mammary 
glands  of  5  week-old  adolescent  female  mice  compared 
to  15  week-old  mature  mice.  Consistent  with  this,  in 
situ  hybridization  revealed  high  level  of  Bapl  mRNA 
expression  in  terminal  end  buds  (Figure  5c),  and  higher 
levels  of  Bapl  expression  in  the  ductal  epithelium  of 
adolescent  as  compared  with  mature  female  mice.  Like 
BrcaL  Bapl  mRNA  was  expressed  in  the  mammary 
epithelium  at  levels  higher  than  those  found  in  the 
stromal  compartment.  Steady-state  levels  of  Bapl 
mRNA  were  up-regulated  in  the  mammary  glands  of 
pregnant  mice  (Figure  5b  and  c).  Like  Brcal,  in  situ 
hybridization  demonstrated  that  this  up-regulation 
occurred  predominantly  in  developing  alveoli  (Figure 
5c).  Bapl  was  expressed  at  higher  levels  in  the 
mammary  glands  of  parous  animals  that  had  under¬ 
gone  28  days  of  post-Iactational  regression  as 
compared  with  age-matched  virgin  controls  (cf.  D28 
regression  and  15  week  virgin).  The  observation  that 
Bapl  expression  is  up-regulated  in  the  breast  during 
puberty,  pregnancy  and  as  a  result  of  parity  is  similar 
to  that  previously  made  for  Brcal  and  suggests  the 
developmental  co-expression  of  these  two  proteins 
(Marquis  et  aL,  1995).  It  should  be  noted,  however, 
that  the  magnitude  of  Bapl  up-regulation  at  each  of 
these  developmental  stages  was  lower  than  that 
observed  for  Brcal.  The  spatial  distribution  of  Bapl 
expression  was  also  investigated  in  the  testis  and  ovary 
(Figure  5c).  Like  BrcaL  Bapl  was  expressed  at  high 
levels  in  semeniferous  tubules,  with  lower  levels  of 
expression  observed  in  the  surrounding  connective 
tissue.  Bapl  was  also  expressed  at  high  levels 
throughout  the  ovary. 

BAPl  augments  the  growth  suppressive  activity  of 
BRCAI 

Several  studies  have  shown  that  BRCAI  can  affect  the 
growth  characteristics  of  cells  (Holt  et  aL.  1996;  Rao  et 
ai,  1996).  We  determined  whether  BAP  I  itself  may 
affect  cell  growth  or  may  alter  BRCAI -mediated 
changes  in  cell  growth.  BRCAI  and  BAPl  cDNAs 
were  co-transfected  into  MCF7  breast  cancer  cells  and 
analysed  for  their  effect  on  colony  formation  (Figure 
6).  This  cell  line  was  chosen  for  several  reasons:  First, 
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Figure  7  BA  PI  mups  lo  Chromosome  jp21.3.  Fluorescence  in 
siiii  hybridization  (FISH)  of  partial  metaphases  using  biotin- 
labeled  BAPl  cDNA.  (a)  the  specific  FISH  signals  on 
chromosome  3  (arrows),  with  (b)  the  simultaneously  DAPI- 
siained  chromosomes  and  (c)  a  chromosome  ideogram  with  the 
localization  of  BAPl  based  on  the  DAPI-band  pattern  and  FLpter 
value.  The  horizontal  box  indicates  the  variation  in  FLpter  values 
on  individual  chromosomes 


it  previously  has  been  shown  that  the  growth  of  these 
cells  is  inhibited  by  the  overe.xpression  of  BRCAI  (Holt 
et  ai.  1996).  Second,  both  Northern  and  RT-PCR 
analyses  showed  that  BAPl  is  expressed  in  this  cell  line 
(data  not  shown).  Finally,  RT-PCR. SSCP  analysis  of 
the  open  reading  frame  of  BAPl  cDNA  prepared  from 
this  cell  line  showed  no  mutations  (data  not  shown). 

The  expression  of  BRCAI  alone  (BRCA:pCMV5) 
decreased  the  number  of  colonies  formed  by  these  cells 
when  compared  to  the  vector  control 
(pcDNAj :  pCMV5),  in  agreement  with  other  studies 
(Holt  et  ai.  1996).  The  co-e.\pression  of  BRCAI  and 
BAPl  (BRC.Al  :  BAPl)  significantly  decreased  the 
number  of  cell  colonies  (approximately  fourfold  vs 
BRCAI  alone;  see  Figure  6b)  indicating  that  BAP  I 
enhances  the  growth  suppressive  actions  of  BRCAI.  A 
mutant  of  BAPl,  BAPl(165-729),  in  which  the 
enzymatic  region  is  deleted  but  which  still  binds  to 
BRCAI.  also  enhanced  the  growth  suppression  of 
BRCAI,  but  not  to  the  same  extent  as  the  wild-type 
BAPL 

The  expression  of  BRCAI -A  11  (a  naturally  occur¬ 
ring  splice  variant  of  BRCAI)  in  MCF7  cells  by  itself 
had  no  effect  on  the  growth  of  MCF7  cells  (Figure  6). 
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However,  the  co-expression  of  B  RCA  1 -A  11  and  BAPl 
.  dramatically  decreased  the  number  of  colonies, 
suggesting  that  the  presence  of  BAPl  could  cooperate 
with  BRCAI-AII  in  ceil  growth  inhibition.  Further¬ 
more,  the  expression  of  BAPl  in  MCF7  cells  also 
reduced  the  number  of  colonies  formed 
(pcDNA3 :  BAPl;  see  Figure  6b).  The  expression  of 
the  enzymatic  mutant,  BAP  1(165 -729),  alone  or  in 
combination  with  BRCAI-AII,  yielded  no  growth- 
suppression  activity.  Thus,  enzymatically  active  BAPl 
enhances  BRCAI-mediated  suppression  of  growth  in 
this  assay. 


BAPl  is  located  on  chromosome  3p2L3  and  is  mutated 
in  non-small  cell  lung  carcinoma 

The  data  above  suggest  the  possibility  that  BAPl  itself 
may  be  a  tumor  suppressor  gene  and  that  BAPl 
alterations/deletions  might  play  a  role  in  human 
tumorigenesis.  We  determined  whether  BAPl  might 
be  located  at  a  chromosomal  region  previously 
observed  to  be  mutated  in  human  cancers.  The  full- 


length  BAPl  cDNA  was  used  in  fluorescent  in  situ 
hybridization  (FISH)  to  identify  the  chromosomal 
location  of  the  BAPl  gene  (Figure  7).  Specific  signals 
were  observed  only  on  the  midportion  of  the  short  arm 
of  chromosome  3  with  42  of  69  analysed  metaphase 
spreads  showing  at  least  one  specific  signal.  The  FLpter 
value  was  0.27  +  0.02  corresponding  to  a  localization 
for  BAPl  at  3p2l.2-p21.3l.  This  location  is  a  region  of 
LOH  for  breast  cancer  as  well  as  a  region  frequently 
deleted  in  lung  carcinomas  (Buchhagen  et  ai,  1994; 
Thiberville  et  al„  1995). 

The  chromosomal  location  of  BAPl  suggested  the 
possibility  of  mutations  within  BAPl  in  lung  tumors. 
Thus,  a  total  of  44  small  cell  lung  cancer  (SCLC),  33 
non-small  cell  lung  cancer  (NSCLC)  and  two 
lymphoblastoid  tumor  cell  lines  were  screened  for 
mutations  within  the  BAPl  gene  by  Southern,  North¬ 
ern  and  PCR-based  SSCP  analyses.  Genomic  DNAs 
from  15  small  cell  lung  cancer  (SCLC),  18  non-small 
cell  lung  cancer  (NSCLC)  and  two  lymphoblastoid  cell 
lines  (representing  a  subset  of  the  total),  were  subjected 
to  £c’oRI  digestion  and  then  hybridized  to  a  full-length 


Figure  8  Muiaiional  anaKsis  of  lung  carcinomas,  (a)  Southern  blot  hybridization  with  BamHi  digestion  showing  four  distinct 
bands  at  7.5  kbp.  4.0  kbp.  7.0  kbp  and  2.4  kbp  as  detected  by  a  full-length  BAPl  probe.  The  non-small  cell  lung  cancer  NCI-H226 
line  shows  an  absence  of  the  7.5  kbp.  4.0  kbp  and  3.0  kbp  bands.  An  aberrant  2.6  kbp  band  is  detected  in  the  NCI-H226  cell  line, 
(b)  Northern  blot  hybridization  showing  a  -4  kb  message  (arrow)  which  is  absent  in  the  NCI-H226  cell  line  and  the  non-small  cell 
lung  cancer  NCI-H1466  cell  line.  .A  lainter  (5.0  kb)  band  is  visible  corresponding  to  cross  hybridization  with  the  28S  ribosomal 
component,  (c)  SSCP  analssis  showing  a  homozygous  shift  in  H1466  detected  by  RT-PCR  amplification  spanning  nts  1089  to 
1286.  (d)  BAPl  is  a  90  kD  protein  and  is  missing  from  NCI-H226  cells.  Endogenous  BAPl  from  Rh30  or  H226  ceils,  or  BAPl 
expressed  in  COSl  cells  from  the  BAPl  cDNA,  was  immunoprecipitated  from  whole  cell  lysates  prepared  after  ^^S-labeling  of 
I  X  10^  cells.  Immunoprecipitated  proteins  were  analysed  by  SDS-PAGE  followed  by  fluorography.  The  arrow  indicates  the  BAPl 
protein.  All  cell  lines  in  panels  a.  b  and  c  are  listed  by  their  NCI  number  (Phelps  et  at..  1996) 
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BAPl  cDNA  probe.  A  single  23  kb  band  was  detected 
‘  ia  the  lymphoblastoid  and  most  tumor  cell  lines  (data 
’not  shown).  One  NSCLC  line,  NCI-H226,  did  not 
show  the  23  kbp  band  but  did  show  an  aberrant 
30  kbp  band  (data  not  shown).  This  abnormality  was 
confirmed  by  BamWl,  Xbal.  Pstl  and  Bgdl  digestions. 
Using  the  3.5  kbp  BAPl  cDNA  probe  with  BamHl 
digested  genomic  DNAs.  we  detected  four  distinct 
bands  at  7.5  kbp,  4.0  kbp,  3.0  kbp  and  2.4  kbp  which 
were  present  in  all  cell  lines  tested  with  the  exception  of 
NCI~H226  (a  representative  subset  is  shown  in  Figure 
8a).  In  the  NCI-H226  line,  we  detected  only  the 
2.4  kbp  band  and  an  aberrant  2.6  kbp  band. 

Further  mutational  analysis  of  BAPl  was  performed 
by  screening  a  subset  of  31  SCLC  and  27  NSCLC  lung 
cancer  cell  lines  and  two  lymphoblastoid  cell  lines  for 
expression  of  BAPl  mRNA.  Northern  analysis  showed 
that  most  cell  lines  expressed  a  single  ~4  kb  mRNA 
(Figure  8b).  However,  two  cell  lines.  NCI-H226  and 
NCI-H1466  (both  NSCLCs),  showed  undetectable 
levels  of  BAPl  expression,  suggesting  that  BAPl  may 
be  a  target  for  inactivation  or  down-regulation  during 
NSCLC  pathogenesis.  The  absence  of  BAPl  protein  in 
the  NCI-H226  line  was  determined  by  immunopreci- 
pitation  of  BAPl  from  ^^S-labeled  cells  (Figure  8d). 

We  screened  cDNAs  from  all  44  SCLC  and  33 
NSCLC  cell  lines  for  mutations  in  the  BAPl  open 
reading  frame  by  RTPCR-SSCP  (Figure  8c).  A 
homozygous,  eight  base  pair  deletion  and  a  presumed 
splice  variant  were  detected.  An  8  bp  deletion  was 
detected  in  the  cDNA  from  the  NSCLC  line  NCI- 
H1466;  This  short  deletion  leads  to  a  frameshift/ 
truncation  yielding  a  predicted  393  amino  acid 
protein.  This  homozygous  deletion  was  confirmed  in 
genomic  DNA  from  the  same  cell  line  (data  not 
shown).  A  54  bp  in-frame  deletion  (nts.  705-758)  was 
detected  in  the  NCI -H 1963  (SCLC)  cell  line.  This 
deletion  was  heterozygous  at  the  cDNA  level  and  not 
present  in  the  genomic  DNA,  suggesting  that  it  is  a 
splice  variant.  However,  this  variant  was  not  detected 
in  any  of  the  other  cell  lines  screened.  These  data 
clearly  show  that  genetic  alterations,  including  intra¬ 
genic  homozygous  deletions,  can  occur  in  BAPL 


Discussion 

We  have  discovered  and  characterized  a  novel  protein, 
BAPl,  which  binds  to  the  BRCAl  RING  finger  motif. 
Several  lines  of  evidence  are  olfered  which  support  a 
role  for  BAPl  in  BRCAl  signal  transduction  path¬ 
ways.  We  showed  that:  (1)  BAPl  binds  to  the  RING 
finger  of  BRCAl:  but  not  to  germline  mutants  of 
BRCAl  or  related  RING  domarns;  (2)  The  BAPl- 
BRCAI  interactions  occurs  in  vitro  and  in  vivo,  and 
these  proteins  are  partially  co-localized  in  nuclear  dot 
structures:  (3)  BAPl  mRNA  is  expressed  in  those 
tissues  which  also  expresses  BRCAL  and  the  spatial, 
temporal  distribution  of  Bapl  expression  in  the  mouse 
breast  is  very  similar  to  that  observed  with  Brccil:  (4) 
BAPl  enhances  BRCAl-mediated  suppression  of  cell 
growth  in  colony  formation  assays,  and  suppression  by 
BAPl  is  augmented  by  its  UCH  enzymatic  domain: 
and  (5)  BAP  I  maps  to  chromosome  3p21.3  and  is 
homozygously  deleted  in  a  lung  carcinoma  cell  line. 
Together,  these  observations  suggest  that  BAPl  may 
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be  a  tumor  suppressor  gene,  and  that  it  may  serve  as  a 
regulator  of  (or  is  an  effector  for)  BRCAl  growth 
control/differentiation  pathways.  The  specificity  of  the 
BRCAl  RING  finger-BAPl  interaction  and  the  fact 
that  independent,  germline  missense  mutations  in  the 
BRCAl  RING  finger  domain  abolish  interaction  with 
BAJPl  provide  substantial  evidence  for  the  physiologi¬ 
cal  relevance  of  this  interaction. 

BAPl  is  a  nuclear-localized,  ubiquitin  carboxy- 
terminal  hydrolase  (UCH)  which  can  cleave  model 
ubiquitin  substrates  in  vitro.  The  UCH  homology  of 
BAPl  implies  a  role  for  either  ubiquitin-mediated, 
proteasome-dependent  degradation  or  other  ubiquitin- 
mediated  regulatory  (Isaksson  et  ai.  1996)  pathways  in 
BRCAl  function.  Regulated  ubiquitination  of  proteins 
and  subsequent  proteasome-dependent  proteolysis 
plays  a  role  in  almost  every  cellular  growth, 
differentiation  and  homeostatic  process  (reviewed  by 
Ciechanover,  1994:  Isaksson  et  ai.  1996:  Wilkinson, 

1995).  The  pathway  is  regulated  both  at  the  level  of 
substrate  specificity  -  via  the  concerted  actions  of 
activating  enzymes,  carrier  proteins  and  ligation 
enzymes  -  and  at  the  level  of  proteolytic  deuibiquita- 
tion  and  ubiquitin  hydrolysis.  The  latter  enzymes  are 
ubiquitin-specific  thiol  proteases  which  have  been 
broadly  classified  into  two  families:  the  ubiquitin- 
specific  protease  (UBPs)  and  the  ubiquitin  carboxy- 
terminal  hydrolases  (UCHs). 

The  UBP  family  members  are  50-300  kDa, 
cytoplasmic  or  nuclear-localized  proteins  which,  in 
general,  cleave  ubiquitin  or  ubiquitin-conjugates  from 
large  substrates.  Such  enzymatic  activity  can  be  found 
directly  associated  with  the  26S  proteasome  and  may 
serve  a  regulatory  function  by  editing  ubiquitin  on 
large  substrates  or  cleaving  polyubiquitin,  thus 
replenishing  ubiquitin  pools  (Lam  et  ai.  1997). 
Remarkably,  a  number  of  UBPs  have  been  isolated 
as  growth  regulatory  and/or  developmental  control 
genes  such  as  DOA4  in  yeast,  which  controls  DNA 
replication  and  repair  (Papa  and  Hochstrasser,  1993); 

UBP3  which  is  involved  in  transcriptional  silencing  in 
yeast  (Moazed  and  Johnson,  1996);  the  TRE2 
oncogene  which  is  mutated  in  the  UBP  active  site 
and  functions  as  a  dominant  negative  transforming 
gene  (Nakamura  et  ai.  1992);  the  drosophila  Fat 
Facets  gene  which  controls  pattern  formation  and  eye 
development  (Huang  et  ai,  1995;  Huang  and  Fischer- 
Vize,  1996):  and  the  human  DUB  family  of  cytokine- 
inducible  UBPs  which  control  hematopoietic  differ¬ 
entiation  (Zhu  et  ai.  1996.  1997). 

By  contrast,  the  UCH  family  has  been  characterized 
as  a  set  of  small  (25-30  kDa)  cytoplasmic  proteins 
which  prefer  to  cleave  ubiquitin  from  ubiquitin- 
conjugated  small  substrates  and  may  also  be  involved 
in  the  co-translational  processing  of  proubiquitin.  Like 
the  UBPs,  UCHs  show  considerable  tissue  specificity 
and  developmentally-timed  regulation  (Wilkinson  et 
al.,  1992).  UCH  family  members  are  differentially 
expressed  in  neuronal,  hematopoietic  and  germ  cells 
in  many  species.  Most  remarkably,  a  novel  UCH 
enzyme  has  recently  been  cloned  from  A.  calif ornica 
whose  enzymatic  function  is  essential  for  acquisition 
and  maintenance  of  long-term  memory  (Hedge  et  aL, 

1997).  Finally,  UCH  levels  are  down-regulated  during  * 
viral  transformation  of  fibroblasts  (Honore  et  al., 

1991),  consistent  with  a  role  in  growth  control. 
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BAPl  is  the  newest  member  of  the  UCH  family  and 
,  considerably  expands  the  potential  roles  of  this  family 
of  proteases.  BAPl  is  a  much  larger  protein  (90  kDa) 
and  is  the  first  nuclear-localized  UCH.  In  addition  to 
containing  the  ^250  amino  acid  amino-terminal  UCH 
catalytic  domain,  it  includes  a  carboxy-terminal 
extension  rich  in  proline,  serine  and  threonine,  and  a 
short,  highly  acidic  region;  these  elements  may  confer  a 
short  half-life  upon  the  protein  (Rechsteiner  and 
Rogers,  1996).  The  extreme  carboxy-terminus  encodes 
two  potential  nuclear  localization  signals  that  overlap 
the  approximately  125  amino  acid  BRCAi -interaction 
domain.  This  domain  is  predicted  to  fold  into  a  long 
amphiphatic  helix  of  coiled-coil  character,  the  structure 
of  which  may  be  important  for  BRCAI  interaction. 
Indeed,  truncation  into  this  region  or  substitution  of  a 
proline  for  leucine  (L691P)  abolish  the  BAPl  -BRCAI 
interaction  in  the  two-hybrid  assay.  We  have  also 
detected  a  potential  splice  variant  in  BAPl  that  results 
in  loss  of  31  amino  acids  of  the  BRCAI  interaction 
domain  and  greatly  reduces  the  ability  of  BAPl  to  bind 
the  BRCAI  RING  finger.  Thus,  our  data  suggest  that 
the  BAPl  carboxy-terminus  is  tethered  to  the  BRCAI 
RING  finger  domain,  leaving  the  UCH  catalytic 
domain  free  to  interact  with  ubiquitinated,  or  other 
ubiquitin-Iike,  substrates. 

A  simple  model  explaining  most  of  our  data  is  that 
BRCAI  is  a  direct  substrate  for  the  UCH  activity  of 
BAPl  and  deubiquitination  results  in  the  stabilization 
of  BRCAI.  Thus,  in  contrast  to  the  known  UCHs 
which  are  comprised  entirely  of  the  UCH  domain,  the 
carboxy-terminal  extension  of  BAPl  may  provide 
substrate  and/or  targeting  specificity  for  the  catalytic 
function.  Paradigms  for  separate  substrate  recognition 
and  catalytic  domains  occur  throughout  the  ubiquitin 
conjugation/ligation  system  (see  Wilkinson,  1995  and 
references  therein).  Regulated  ubiquitination  of 
BRCAI  and  subsequent  proteasome-mediated  degra¬ 
dation  would  be  consistent  with  tight  regulation  of 
BRCAI  levels  and  its  subnuclear  localization  during 
both  the  mitotic  cell-cycle  and  meiosis  (Gudas  et  aL, 
1996;  Scully  et  aL,  1997b:  Zabludoff  et  ai.  1996).  Thus, 
BAPl -mediated  deubiquitination  of  BRCAI  would 
stabilize  the  protein  and  protect  it  from  proteasome- 
mediated  degradation.  This  scenario  is  consistent  with 
both  the  ability  of  co-transfected  BAPl  to  enhance  the 
tumor  suppressor  effects  of  BRCAI  in  colony 
formation  assays  and  the  finding  of  mutations  in 
BAPl  in  cancer  cell  lines. 

A  second,  and  equally  plausible  hypothesis  is  that 
the  BRCAI -BAPl  association  serves  to  target  the 
UCH  domain  to  other  substrates  that  may  be  bound  to 
other  sites  on  BRCAI.  In  this  scenario,  BRCAI  may 
function  as  an  assembly  or  scaffold  molecule  for 
regulated  assembly  of  multiprotein  complexes:  a 
function  that  has  been  postulated  for  other  tumor 
suppressor  proteins  (e.g.  pRb;  Sellers  and  Kaelin,  1996: 
Welch  and  Wang,  1995).  Thus,  BAPl  could  be  a 
regulator  of  this  assembly  via  its  control  of  ubiquitin- 
mediated  proteolysis.  Recently,  it  has  been  shown  that 
the  RING  finger  protein  Ste5  (S.  cerevisiae)  functions 
as  a  scaffold  protein  for  assembling  protein  kinase- 
dependent  signaling  complexes  in  pheromone  signaling; 
this  activity  is  abolished  by  mutations  in  the  Ste5 
RING  finger  (Inouye  et  al.,  1997),  In  this  context,  two 
other  RING  finger-containing  proteins  are  involved  in 


complexes  whereby  controlled  proteolytic  processes  are 
dependent  upon  the  integrity  of  the  RING  finger 
structure:  (1)  The  murine  homologue  of  the  drosophila 
seven-in-absentia,  siah.  (a  RING  finger  protein)  binds 
to  the  tumor  suppressor  protein  Deleted  in  Colon 
Cancer  (DCC)  and  targets  it  for  proteasome-mediated 
degradation.  This  degradation  requires  the  siah  RING 
finger  structure  (Hu  et  ai,  1997);  and  (2)  The 
herpesvirus  protein  VMWllO  is  a  RING  finger 
protein  that  binds  directly  to  a  UBP  family  member, 
HAUSP,  and  appears  to  target  it  to  the  NDIO^POD 
nuclear  dot  structure.  The  NDIO  structure  itself 
contains  another  RING  finger  protein,  the  proto¬ 
oncogene  PML  (Everett  et  al.,  1997).  Remarkably, 
the  PML  RING  finger  has  been  shown  to  bind  and  co¬ 
localize  with  a  ubiquitin-like  molecule  PIC  I /SUMO  1 
which  is  emerging  as  a  central  molecule  in  nuclear- 
localized  ubiquitin-dependent  regulation  (Saitoh  et  ai, 
1997). 

A  third  hypothesis  is  that  BAPl  is  involved  in  the 
regulation  of  protein  subcellular  localization.  Mono- 
ubiquitination.  or  addition  of  a  ubiquitin-like  moiety, 
has  emerged  as  an  important  post-translational 
modification  which  may  affect  the  specific  targeting  of 
proteins  to  locations  other  than  the  proteasome.  For 
example,  the  addition  of  the  ubiquitin-like  PICl/ 
SUMOl  protein  appears  to  mediate  the  movement  of 
RanGAPl  (a  GTPase-activating  protein)  from  the 
cytoplasm  to  the  nuclear  envelope  where  it  binds  the 
RanBP2  protein  (Mahajan  et  ai,  1997).  This  interac¬ 
tion  requires  the  ATP-dependent,  covalent  addition  of 
PICl  SUMO- 1  to  RanGAPl,  a  process  extremely 
similar  to  the  ATP-dependent,  ubiquitin-ligation 
mechanism.  Thus,  BAPl -mediated  removal  of  ubiqui¬ 
tin,  or  ubiquitin-like  molecules,  from  BRCAI,  or  a 
protein  associated  with  BRCAI,  could  target  the 
complex  to  another  cellular  compartment,  thus 
altering  its  function  without  physically  destroying  it. 
That  BRCAI  is  targeted  to  specific  subcellular  sites  is 
evidenced  by  the  observation  that  it  accumulates  in 
nuclear  dot  structures  during  S  phase  of  the  cell  cycle. 
This  localization  is  abolished  at  the  S/G2  boundarv 
(Scully  et  al.  1997b). 

The  association  of  BRCAI  with  RAD51  in  both 
mitotic  nuclear  dot  structures  and  meiotic  cells 
broadly  implicates  BRCAI  in  DNA  repair  and/or 
recombination  processes.  The  RAD51 /52-dependent 
DNA  repair  pathway  is  highly  regulated  and'  includes 
many  proteins,  some  of  which  may  be  potential 
substrates  for  BAPl-mediated  ubiquitin  hydrolysis. 
RAD23.  which  associates  with  the  RAD5i/52 
complex,  contains  an  amino-terminal  ubiquitin-like 
domain  which  is  required  for  RAD23  function  and 
double-strand  break  repair  (Watkins  et  ai.  1993). 
Recently,  a  human  ubiquitin-like  protein,  UBL-1. 
was  isolated  as  a  protein  which  binds  directly  to  the 
human  R.\D51,RAD52  complex  (Shen  et  ai.  1996b). 
Interestingly,  the  yeast  homologue  of  UBLl  is 
SMT3,  which  functionally  associates  with  the  yeast 
centromere  protein  MIF2.  a  protein  required  for 
proper  chromosome  segregation  (Brown,  1995;  Brown 
et  ai.  1993).  Furthermore,  the  RAD51/52  complex 
contains  a  ubiquitin  conjusatins  enzyme,  hUBC9/ 
UBE2I  (Jiang  and  Koltin,  1996;  ^Shen  et  ai,  1996a). 
Thus,  it  appears  that  the  DNA  repair  machinery 
contains  both  ubiquitin-conjugating  and  -hydrolyzing 


elements,  since  BAPl  is  now  implicated  as  a  member 
*  of  the  BRCAl/RAD51/hUBC9  complex.  It  is 
possible  that  BAPl,  which  is  co-expressed  with 
BRCAl  in  breast  tissue,  may  regulate  the  recombina¬ 
tion/repair  functions  of  the  BRCA1/RAD52  complex 
by  targeting  either  RAD23  or  UBLl  for  ubiquitin 
hydrolysis. 

The  implications  that  BAPl  is  a  key  regulator  and/ 
or  effector  of  BRCAl  suggest  that  BAPl  may  also 
play  a  role  in  human  cancer.  The  finding  that  BAPl 
maps  to  human  chromosome  3p21.3  strongly  sug¬ 
gested  this  link:  Loss  of  chromosome  3p  genes  is  a 
critical  event  in  lung  cancer  pathogenesis  and  other 
carcinomas.  Interestingly,  two  other  components  of 
the  ubiquitin  metabolism  pathway  have  been  mapped 
to  chromosome  3p21.3:  an  ubiquitin  activating  enzyme 
(Kok  et  al..  1993)  and  a  ubiquitin  protease,  UNP 
(Gray  et  ai,  1995).  The  identification  of  BAPl  as  a 
UCH  suggests  a  cluster  of  metabolically  related 
enzymes  at  this  locus.  Furthermore,  the  frequent  loss 
of  this  chromosomal  region  suggests  that  there  may  be 
a  selective  advantage  for  the  loss  of  ubiquitin- 
mediated  cellular  processes  during  carcinogenesis. 
That  BAPl  may  be  included  in  this  paradigm  is 
suggested  by  our  detection  of  rearrangements/'deletions 
within  BAPl  in  lung  cancers  (this  report)  and  our 
detection  of  independent,  homozygous,  point  muta¬ 
tions  in  highly  conserved  residues  of  BAPTs 
enzymatic  domain  (Proctor  et  ai,  manuscript  in 
preparation). 

In  summary,  we  have  isolated  a  novel  ubiquitin 
hydrolase  which  associates  directly  with  the  BRCAl 
RING  finger  domain.  BAPl  may  play  a  key  role  in 
ubiquitin-dependent  regulatory  processes  in  the  nucleus 
including  transcription,  chromatin  remodeling,  cell 
cycle  control  and  DNA  repair/recombination. 


Materials  and  methods 

Cell  culture,  transfections  and  colony  formation  assays 

All  cells  were  grown  at  37°C  and  5%  CO:.  COSl  and 
MCF7  cells  were  maintained  in  DMEM  supplemented  with 
10%  fetal  bovine  serum  (FBS),  L-glutamine  and  non- 
essential  amino  acids.  Small  cell  lung  cancer  (SCLC)  and 
non-small  cell  lung  cancer  (NSCLC)  cell  lines  were 
maintained  in  RPMI  media  with  10%  fetal  bovine  serum 
(Gibco  BRL).  Rh30  cells  were  maintained  in  RPMI 
supplemented  with  lO^o  FBS  and  non-essential  amino 
acids.  COSl  cells  were  transfected  using  DOSPOR 
transfection  reagent  (Boehringer  Mannheim  Biochemicals) 
following  the  manufacturer's  protocol. 

Colony  formation  assay 

MCF7  cells  were  transfected  by  a  modified  CaPO^-DNA 
precipitation  method  (Holt  et  al..  1996).  MCF7  cells,  at 
2  X  10^  cells/ 10  cm  dish,  were  fed  fresh  medium  approxi¬ 
mately  3  h  prior  to  transfection,  and  were  then  treated  with 
the  Ca-DNA  precipitate  for  4  h.  The  cells  were  subjected 
to  a  brief  shock  with  transfection  buffer  containing  15% 
glycerol.  Twelve  to  16  h  later,  the  cells  were  trypsinized, 
counted  and  plated  directly  into  complete  medium  contain¬ 
ing  0.75  mg/mL  G418  at  5  x  10^  cells  per  10  cm  dish.  Cells 
were  fed  fresh  medium  containing  G418  every  3-4  days. 
Cells  were  stained  for  colonies  approximately  21-28  days 
after  transfection. 


Yeast  2‘hybrid 

The  yeast  2-hybrid  system  as  modified  by  Stan  Hollenber<» 
was  used  for  all  yeast  experiments  (Vojtek  et  uL,  1993). 
Two  libraries  were  screened  for  interaction  with  Le.xA- 
BRCAl;  a  human  B  cell.  oligo-dT-primed,  cDNA  library 
(Durfee  et  aL,  1993);  a  kind  gift  from  Dr  Steve  Elledge) 
and  a  mouse  embryo  (9.5-10.5  day),  random-primed, 
cDNA  library  size  selected  for  inserts  of  300-500  base 
pairs  in  length  (Vojtek  et  aL.  1993);  a  kind  gift  of  Dr  Stan 
Hollenberg). 


Construction  of  expression  plasmids 

Lex  A  fusion  constructs:  The  100  amino  acid  terminal 
region  of  human  BRCAl  (BRCAl -RF)  was  used  as  the 
bait  to  screen  for  interacting  proteins.  All  Le.xA  fusion 
constructs  were  made  by  cloning  the  appropriate  RING  (or 
other)  domain  into  the  vector  pBTM-116  (Vojtek  cr  al., 
1993).  A  synthetic  gene  of  the  BRCAl -RF  domain  was 
made  from  overlapping  oligonucleotides  whose  codon 
usage  had  been  optimized  for  expression  in  E.  coli  and  S 
cerevisiae  (Madden  et  al..  1991).  Double-stranded  DNA 
was  generated  by  the  Polymerase  Chain  Reaction  (PCR) 
and  amplified  with  flanking  primers  containing  FcuRI  and 
Safi  enzymatic  restriction  sites.  A  ‘wild  type'  BRCAl -RF 
domain  was  confirmed  by  DNA ,  sequencing.  The  single 
amino  acid  substitutions  in  the  BRCAl -RF  domain. 
BRCA1(C64G)  (Cys  64  to  Gly).  BRCAl(C6lG)  (Cvs  61 
to  Gly),  BRCA1(MI8T)  (MetiSThr)  and  BRCA1(R>1G) 
(Arg71  to  Gly)  as  well  as  the  BRCAl -delAG185 
truncation  mutant  were  created  by  PCR-mutagenesis  (Ho 
et  al..  1989).  The  BRCAl-del31  truncation  mutant  was  a 
mis-primed  PCR  reaction  of  the  BRCAl -RF  which  was 
identified  by  DNA  sequencing.  The  LexA-RPT-l  protein 
(amino  acids  1-100)  was  made  by  PCR-mediated 
amplification  of  the  corresponding  nucleotides  of  a  RPT- 
1  PCR  sample  (Patarca  et  al..  1988);  kindly  provided  by  Dr 
Harvey  Cantor).  .All  clones  were  confirmed  by  sequencing. 
Expression  of  all  constructs  in  yeast  was  confirmed  ‘  by 
Western  analysis  using  antibodies  against  the  LexA  DNA- 
binding  domain  (data  not  shown). 

BAPl  constructs:  A  full-length  BAPL  cDNA  was 
assembled  through  the  fusion  of  two  overlapping  EST 
clones  (the  IMAGE  Consortium  (LLNL);  cDNA  Clones 
#46154  and  #40642:  (Lennon  et  al..  1996))  and  the 
insertion  of  62  nucleotides  missing  from  clone  #40642  (as 
revealed  by  sequencing  and  RT-PCR  analyses).  GST- 
hBAP  1(483 -729)  was  generated  by  cloning  the  Xhol 
fragment  of  pAct  (the  original  human  two-hybrid  clone: 
nucleotides  1486-3525)  into  pGEX-5x-l  (Pharmacia 
Biotech.  Inc.).  GST-hBAPl(438  -  594)  and  pACT- 
hBAPl(438 - 594)  (nucleotides  1486-1821)  were  generated 
and  amplified  by  PCR.  digested  with  restriction  enzyme 
and  ligated  into  the  appropriate  vector. 

Mapping  of  BRCAl  BAP!  interaction  domain 

Truncations  of  mBAP(596-721).  and  the  point  mutation 
mBAPK L691 P).  were  generated  by  PCR-based  mutagen¬ 
esis.  Products  were  then  ligated  into  the  mouse  library- 
yeast  expression  vector,  pVPI6.  .All  clones  were  confirmed 
by  sequencing  and  expression  in  yeast  was  confirmed  by 
Western  analysis  using  antibodies  against  the  VP!  6 
activation  domain  (data  not  shown). 

Northerns  and  in  situ 

Tissue  RNA  blots  were  obtained  from  Clontech.- 
Laboratories,  Inc.  (Palo  Alto.  CA).  Blots  were  hybri¬ 
dized  with  ^=P-labeled  hBAPl{483-729)  cDNA  (nucleo¬ 
tides  1486-3525)  using  standard  protocols,  RNA 


1109 


'1110 


ut  Jensen  ef  ai 


preparation.  Northern  hybridization  of  mouse  mammary 
tissue,  and  in  situ  hybridization  analyses  were  performed 
as  previously  described  using  the  mouse  Bap  I  cDNA 
probe  described  by  mBAP  1(596 -721),  corresponding  to 
nucleotides  1825-2202  of  the  human  probe  (Marquis  et 
aL  1995). 

Fluorescent  in  situ  hybridization  ( FISH) 

FISH  using  a  biotin-Iabeled  3.5  kb  cDNA  (full  length) 
clone  of  BAPl.  with  corresponding  DAPI-banding  and 
measurement  of  the  relative  distance  from  the  short  arm 
telomere  to  the  signals  (FLpter  value)  was  performed  as 
described  previously  (Tommerup  and  Vissing.  1995). 

Immunolocaiizatioh 

All  immunofluorescence  was  performed  as  previously 
described  (Ishov  and  Maul.  1996).  BAP  I  protein  was 
detected  with  affinity  purified.  BAP  I -specific  polyclonal 
antibodies,  and  BRCAI  was  detected  with  the  BR64 
monoclonal  antibody  (Upstate  Biotechnology),  which 
were  detected  with  FITC  and  Texas  Red  (respectively) 
using  biotin-avidin  enhancement.  Cells  were  stained  for 
DNA  with  bis-benzimide  (Hoescht  33258,  Sigma  Chemical 
Co.)  and  mounted  using  Fluoromount  G  (Fisher  Scien¬ 
tific).  Analysis  was  performed  with  a  confocal  scanning 
microscope  (Leica,  Inc.). 

BAP  I  protein  characterization 

Generation  of  antibodies:  Using  PCR  cloning,  the  cDNA 
region  encoding  amino  acids  483-576  of  BAPl  was  fused 
downstream  of  the  six  Histidine  residues  of  the  vector 
pQE-30  (QIAGEN  Inc.).  The  His-tagged  protein  was 
purified  from  E.  coli  over  a  Ni-agarose  column  as 
previously  described  (Friedman  et  aL.  1996)  and  was 
used  to  immunize  rabbits  for  the  production  of  polyclonal 
antibodies  (Cocalico  Biologicals,  Inc.).  Immunoprecipita- 
tion  of  BAPl  was  performed  by  previously  described 
procedures  for  the  metabolic  labeling  and  immunopreci- 
pitation  of  proteins  from  cell  lysates  (Friedman  et  aL, 
1996). 

In  vitro  protein  association:  GST,  GST-hBAP  1(483- 729) 
and  GST-hBAPl(483-594)  were  expressed  in  E.  coli  and 
then  purified  as  described  (Frangioni  and  Neel.  1993).  The 
^^S-BRCAI  protein  was  produced  in  vitro  via  coupled 
transcription/translation  (TNTr;.  Promega  Corp.).  Asso¬ 
ciation  between  proteins  was  assayed  as  described 
previously  (Bariev  et  aL,  1995). 

BAPl  enzymatic  assay 

Assays  for  BAPl  enzymatic  activity  were  performed 
essentially  as  described  for  the  UCH-Ll  and  UCH-L3 
enzymes  (Mayer  and  Wilkinson.  1989).  Briefly,  bacteria 
harboring  an  IPTG-inducible  expression  plasmid  contain¬ 
ing  BAPl  (pQE-30:  QIAGEN  Inc.)  were  grown  and 
induced  with  1  mM  IPTG  for  4  h.  The  bacteria  were 
collected  and  the  pellets  were  resuspended  to  1  20  volume 
(original  culture)  in  lysate  buffer  (50  mM  Tris,  pH  8.0. 

25  mM  EDTA.  10  mM  2-mercapto-ethano!,  100  ug  ml 
lysozyme).  The  lysates  were  sonicated  and  centrifuged  at 
40  000  g.  The  soluble  fractions  were  used  for  subsequent 
activity  assays.  The  pellets  were  resuspended  in  a  volume 
equal  to  that  of  the  supernatant  and  samples  of  both  pellet 
and  supernatant  were  analysed  by  SDS-PAGE  for 
expression  levels  and  inclusion  body  formation. 

Assays  for  ubiquitin  carboxy-terminal  hydrolase  activity 
were  performed  using  the  glycine  76  ethyl  ester  of  ubiquitin 
(Ub-OEt)  as  substrate  (Mayer  and  Wilkinson,  1989; 
Wilkinson  et  aL,  1986).  Assays  were  done  in  triplicate.  The 


peak  areas  were  integrated  and  normalized  with  respect  to  a 
ubiquitin  standard. 

Mutation  screening 

RNAiDWA  preparation:  Genomic  DNA  was  prepared 
from  breast  and  lung  cancer  cell  lines  using  standard 
methods.  Total  RNA  was  extracted  by  the  cesium  chloride- 
ultracenirifugation  method  (Ausubef  et  aL.  1987).  First 
strand  cDNAs  were  synthesized  from  RNA  bv  M-MLV 
reverse  transcriptase  (Gibco-BRL)  according  to  the 
manufacturer's  instructions. 

Southern  and  Northern  blot  hybridization:  Five  pz  of 
genomic  DNA,  subjected  to  restriction  enzyme  digesdon, 
or  10  /ig  total  RNA,  was  elecirophoreticaily  gel-fraction¬ 
ated  and  transferred  to  Hybond  N’  membranes  (Amer- 
sham).  Hybridization  was  performed  with  a  --P-full-Ienath 
BAPl  cDNA  probe  followed  by  washes  under  standard 
conditions  and  detection  by  autoradiography. 

Single  strand  conformational  polymorphism  (SSCP j  analy¬ 
sis:  Seventeen  overlapping  PCR  primer  pairs,  each  with  a 
predicted  product  size  of  approximately  200  base  pairs, 
were  designed  to  span  the  2.2  kb  open  reading  frame  of  the 
BAPl  cDNA  sequence.  cDNA  (from  RNA)  was  amplified 
in  20  id  PCR  reactions  containing  20  mM  Tris  HCI 
(pH  8.3).  50  m.M  KCl,  1.5  mM  MgCI,  0.2  mM  each  dNTP, 
0. 1  m.M  each  forward  and  reverse  primer.  0.05  ml  [^-P- 
a]dCTP  and  0.5  units  Taq  DNA  Polymerase  (BRL).  PCR 
reactions  were  carried  out  in  a  Perkin-EImer  9600 
Thermocycler  using  a  touchdown  technique:  a  2.5  min 
initial  denaturation  at  94^C  was  followed  by  35  cycles  of 
denaturation  at  94"C  x  30  s,  annealing,  initially  at  65'C 
decreasing  by  VC  for  each  of  the  first  ten  cycles  to  55' C, 

X  30  s,  and  extension  at  72X  x  30  s  with  a  final  extension 
of  5  min  at  72'C.  PCR  products  were  then  diluted  1:10 
with  SSCP  dye  (95%  formamide,  20  mM  EDTA,  and 
0.05%  each  of  bromophenol  blue  and  .xylene  cyanol), 
heat-denatured,  and  electrophoresed  on  0.5  x  MDE  gels 
±  I0°o  glycerol.  Abnormal  single  stranded  DNA  detected 
as  autoradiographic  shifts  were  re-amplified  by  PCR  and 
subjected  to  automated  dye-terminator  sequencins  (ABI 
373). 
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Abstract 

The  functions  and  the  intracellular  localization  of  the 
breast/ovarian  susceptibility  gene  product,  BRCA1,  has 
been  controversial.  To  arrive  at  a  clear  understanding 
of  its  localization  and  relative  position  to  other  nuclear 
structures,  a  new  monoclonal  antibody  was  produced 
and  characterized  by  immunohistochemical  techniques 
with  other  BRCA1  antibodies.  Each  of  the  antibodies 
specifically  detected  BRCA1  as  localized  to  specific 
nuclear  domains  and  did  so  in  a  variety  of  cells  and  in 
a  cell  cycle-dependent  manner.  However,  all  antibodies 
also  cross-reacted  with  the  centrosomal  domain, 
suggesting  that  BRCA1  is  also  localized  to  this 
important  mitotic  component.  We  found  that  the 
BRCA1 -containing  nuclear  domains  are  different  than 
any  of  the  well-defined  nuclear  domains.  However,  a 
cell  cycle-related  partial  overlap  was  found  for  HP1a,  a 
chromo-domain-containing  protein  involved  in 
heterochromatin  maintenance.  Cellular  stimuli,  such  as 
heat  shock  and  herpes  virus  infection,  dispersed 
BRCA1  from  its  domains.  In  contrast,  infection  with 
adenovirus  5  recruited  BRCA1  to  regions  of  viral 
transcription  and  replication.  These  disparate 
distributions  of  BRCA1  may  provide  clues  to  its 
function. 

Introduction 

The  identification  of  the  breast  cancer  susceptibility  gene 
BRCA1  (1)  has  triggered  an  intensive  search  for  its  function. 
Much  of  this  search  has  focused  on  the  identification  of 
interacting  proteins  and  has  yielded  components  of  the  nu¬ 
clear  import  pathway  (2)  and  a  novel  RING  finger-containing 
protein  BARD1  (3,  4).  Recently,  we  Identified  the  BRCA1- 
associated  protein  BAP1  (5),  which  is  a  nuclear  localized 
ubiquitin  hydrolase,  suggesting  that  BRCA1  functions  may 
be  either  mediated  or  regulated  through  ubiquitin-related 
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modifications.  BRCA1  also  seems  to  be  associated  with  the 
DNA  recombination/repair  protein  RAD51  in  meiotic  cells  (6), 
suggesting  involvement  of  BRCA1  in  the  fidelity  of  DNA 
replication.  Biological  clues  to  the  function(s)  of  BRCA1  have 
come  through  over-  or  underexpression  studies.  A  reduction 
in  BRCA1  availability  by  antisense  expression  yielded  trans¬ 
formed  fibroblasts  and  accelerated  growth  of  breast  cancer 
cell  lines  (7,  8),  whereas  overexpression  of  wild-type  BRCA1 
inhibited  colony  formation  and  tumor  growth  in  vivo  (9), 
These  observations  are  consistent  with  the  genetic  evidence 
that  BRCA1  functions  as  a  tumor  suppressor  (5,  9). 

The  BRCA1  gene  encodes  an  1863  amino  acid  protein  of 
Mj.  —220,000,  which  is  predominately  found  within  the  nu¬ 
cleus  (4,  10),  although  some  investigators  have  observed 
cytoplasmic  localization  (11,  12).  The  BRCA1  protein  con¬ 
tains  two  highly  conserved  regions,  one  at  the  NH2  terminus 
and  the  other  at  the  COOH  terminus.  The  COOH  terminus 
contains  an  acidic  region  and  two  copies  of  a  novel  motif, 
designated  the  BRCT  domain.  The  BRCT  domain  is  present 
in  a  variety  of  putative  cell  cycle-related  proteins,  including 
RAD9  and  53BP1  (13),  as  well  as  the  BRCA1 -associated 
protein  BARD1  (3).  The  BRCA1  COOH-terminal  domain  is 
capable  of  activating  transcription  as  a  Gal4  DNA-binding 
domain  fusion  (14),  suggesting  a  role  for  BRCA1  in  transcrip¬ 
tional  regulation.  The  cofractionation  of  BRCA1  with  the  RNA 
pol  II  holoenzyme  (15)  supports  this  hypothesis.  However, 
not  all  of  the  cellular  BRCA1  cofractionates  with  pol  II,  sug¬ 
gesting  multiple  functions  for  BRCA1 . 

The  NH2-termlnal  region  is  a  100-amino  acid  sequence 
encoding  a  RING  finger  domain,  which  Is  predicted  to  bind 
zinc  (16,  17).  This  motif  is  defined  by  a  spatially  conserved 
set  of  cysteine-histidine  residues  of  the  form  C3HC4  (re¬ 
viewed  in  Refs.  18  and  19).  The  RING  motif  occurs  in  >80 
proteins,  including  the  products  of  proto-oncogenes  and 
putative  transcription  factors  (19),  and  most  likely  functions 
as  a  protein-protein  interface.  Evidence  for  this  hypothesis 
has  come  from  the  study  of  the  proto-oncogene  PML  (1 6), 
the  transcriptional  corepressor  KAP-1  (20),  and  a  ubiquitin 
hydrolase,  BAP1  (5). 

The  abundance  and  intracellular  location  of  BRCA1  varies 
with  the  cell  cycle.  BRCA1  protein  levels  are  low  in  G^  and 
reach  a  maximum  during  S  phase,  results  that  are  consistent 
with  BRCA1  RNA  expression  patterns  (21-24).  Interestingly, 
the  location  of  BRCA1  within  the  nucleus  seems  to  vary  with 
the  cell  cycle.  BRCA1  is  detected  as  diffuse  immunofluores- 
cent  staining  throughout  the  nucleus  during  G-,  but  then 
localizes  to  discrete  nuclear  domains  during  S  phase  (4, 10). 
The  functional  effects  of  these  cellular  and  biochemical 
changes  remain  unknown. 

The  nucleus  is  a  highly  organized  structure,  not  only  in  the 
positioning  of  chromosomes  in  specific  territories,  but  also 
by  the  distribution  of  extrachromosomal  domains,  e.g.,  the 
interchromatinic  granules  recognizable  by  the  location  of  the 
spliceosome  assembly  factor  SC35  (25,  26).  In  addition. 
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coiled  bodies  were  found  to  be  associated  with  specific 
genes  and  snRNA  and  associated  proteins  (27-30).  PIKA  is  a 
nuclear  domain  that  shows  cell  cycle-associated  changes  in 
the  aggregation  of  HP-1  (31).  Other  specifically  circum¬ 
scribed  nuclear  domains  (ND10)  have  been  described  to 
contain  the  proto-oncogene  product  PML  as  well  as  lnt-6, 
which,  if  interrupted  in  the  mouse  by  a  retrovirus,  results  in 
mammary  tumors  (32,  33).  Although  the  biochemical  func¬ 
tions  of  these  domains  are  not  known,  various  nuclear  pro¬ 
cesses,  such  as  RNA  processing  (SC35  domain)  and  initia¬ 
tion  of  DMA  virus  replication  and  transcription  (34,  35),  occur 
at  these  domains.  Because  BRCA1  is  also  localized  to  dis¬ 
crete  nuclear  domains,  potential  functions  of  BRCA1  may  be 
suggested,  or  excluded,  by  interaction  or  colocalization  with 
any  of  the  known  nuclear  domains.  The  relative  position  of 
BRCA1  in  the  nucleus  may  therefore  be  Informative. 

Recent  findings  on  nuclear  structure  and  distribution  of 
specific  proteins  after  viral  infection  showed  that  some  of 
these  proteins  are  modified  at  specific  stages  of  viral  infec¬ 
tion.  Most  instructive  are  those  proteins  that  appear  at  very 
early  times  of  the  viral  reproductive  cycle  before  nuclear 
damage  becomes  apparent  and  which  can  be  traced  to  the 
activity  of  a  specific  immediate-early  protein.  The  IE1  gene 
product  of  HSV^  type  1  disperses  the  NDIO-associated  pro¬ 
teins  (36-38),  and  the  E4orf3  gene  product  of  Ad5  reposi¬ 
tions  the  same  proteins  into  short  tracks  (39-41).  We  there¬ 
fore  used  these  viruses  to  determine  whether  they  have  any 
effect  on  BRCA1  distribution. 

The  ability  to  establish  colocalization  of  two  proteins  by 
microscopic  examination  suggested  that  this  methodology 
could  be  used  as  a  means  to  search  for  other  correlations  of 
either  the  nuclear  sites  with  known  functions  or  for  condi¬ 
tions  that  change  the  distribution  of  BRCA1 .  We  therefore 
developed  a  MAb  that  reliably  localized  BRCA1  relative  to 
different  nuclear  domains.  The  results  of  these  experiments 
clearly  show  that  BRCA1  Is  a  protein  with  dramatic  nuclear 
repositioning  during  the  cell  cycle  and  upon  experimental 
manipulations  of  the  cell  such  as  stress  and  viral  infection. 
These  changes  suggest  that  Ad5  transcription  and  replica¬ 
tion  can  provide  the  experimental  system  to  help  elucidate 
BRCA1  functions. 

Results 

Characterization  of  MAb  BR64.  To  determine  possible 
functions  for  BRCA1 ,  we  investigated  its  subcellular  local¬ 
ization  and  its  potential  colocalization  with  a  variety  of  known 
nuclear  proteins  of  differing  function.  Investigation  of  the 
subcellular  localization  of  BRCA1  required  a  well -character¬ 
ized,  highly  specific  antibody.  Toward  this  end,  we  devel¬ 
oped  a  MAb  specific  for  BRCA1 ,  using  the  first  1 00  amino 
acids  of  the  BRCA1  protein  as  the  antigen  (Fig.  1A).  This 
region  was  expressed  in  Escherichia  coii  as  a  histidine  fusion 
protein,  purified  under  denaturing  conditions  and  renatured 
by  dialysis  (see  “Materials  and  Methods”  and  Ref.  20).  This 


^  The  abbreviations  used  are:  HSV,  herpes  simplex  virus;  Ad,  adenovirus: 
MAb,  monoclonal  antibody;  FBS,  fetal  bovine  serum;  His,  histidine;  h.p.i., 
hours  post  infection. 


purified  protein  was  used  as  the  immunizing  agent  in  mice, 
and  MAbs  were  produced  using  standard  technology. 

Because  the  immunizing  antigen  contains  the  RING  finger 
domain  of  BRCA1  and  because  many  proteins  contain  RING 
domains,  we  determined  the  specificity  of  our  MAb,  termed 
BR64,  for  the  BRCA1  RING  domain  versus  the  RING  do¬ 
mains  of  two  other,  unrelated  proteins;  the  transcriptional 
corepressor  KAP-1  and  the  immediate-early  protein  ICPO, 
from  HSV  type  I.  Through  immunoprecipitation  analyses  with 
the  BR64  antibody,  we  found  that  it  detected  the  BRCA1 
RING  domain  in  both  the  full-length  protein  and  the  smaller 
BRCA1-A11  protein  (an  alternatively  spliced  version  of 
BRCA1;  Ref.  42)  but  not  either  of  the  other  RING  domains 
(Fig.  2A),  suggesting  that  the  antibody  Identifies  a  sequence- 
specific  region  of  BRCA1  rather  than  a  structural  component 
of  the  RING  finger,  which  may  be  in  common  with  other  RING 
domains. 

Mutations  occur  throughout  BRCA1,  and  most  are  trun¬ 
cations  or  nonsense  mutations  (43).  Given  that  the  epitope  of 
this  antibody  is  at  the  NH2  terminus  of  the  protein,  it  should 
detect  all  except  the  shortest  BRCA1  mutant  proteins.  There¬ 
fore,  we  characterized  whether  BR64  could  identify  BRCA1 
protein  that  contained  any  one  of  several  mutations  identified 
previously  in  breast  cancer  kindreds,  focusing  on  mutations 
found  in  the  RING  domain  (Fig.  IB).  We  used  proteins  that 
contained  the  LexA  DNA  binding  domain  fused  to:  (a)  the  first 
1 00  amino  acids  of  BRCA1  (BRCA1  -RF);  (b)  this  same  region 
but  containing  a  missense  mutation  in  a  metal-coordinating 
cysteine  residue  [BRCA1-RF(C61G)  and  BRCA1-RF(C64G)]; 
or  (c)  a  truncated  BRCA1-RF  containing  the  appropriate 
number  of  amino  acids  as  dictated  by  the  mutation 
(delAG185,  29  amino  acids;  del31,  31  amino  acids).  The 
RING  domain  of  the  T-cell  transcription  factor  RPT-1  (44),  the 
most  closely  related  RING  finger  sequence,  was  also  in¬ 
cluded.  Again,  immunoprecipitation  analysis  was  used  to 
identify  proteins  bound  by  the  BR64  antibody  (Fig.  2B).  The 
BR64  antibody  identified  only  those  proteins  that  contained 
the  full  RING  domain  region,  regardless  of  the  presence  or 
absence  of  missense  mutations  (Fig.  2B).  Again,  these  re¬ 
sults  suggest  that  the  BR64  antibody  identifies  a  sequence- 
specific  region  of  BRCA1 ,  rather  than  a  structural  component 
of  the  RING  finger,  because  the  missense  mutations  are 
predicted  to  abolish  the  coordination  of  one  of  the  zinc 
atoms  leading  to  the  disruption  of  the  complex  RING  struc¬ 
ture  (1 6).  The  fact  that  the  RING  domain  of  the  RPT-1  protein 
was  not  identified  by  BR64  further  suggests  that  the  antibody 
identifies  a  sequence-specific  domain  within  BRCA1.  The 
proteins  fused  to  the  LexA  DNA-bInding  domain  always  ap¬ 
peared  as  doublet  bands  on  SDS-PAGE.  This  was  true  for 
the  LexA  DNA-binding  domain  alone  as  well  (data  not  shown) 
and  is  presumably  due  to  an  alternate,  in-frame,  translation 
start  site  within  the  LexA  cDNA. 

We  determined  the  subregion  within  the  NHg  terminal  100 
amino  acids  of  BRCA1  that  the  BR64  MAb  detects.  LexA- 
BRCA1-RF  fusion  proteins,  containing  successive  10-amino 
acid  deletions  from  the  COOH  terminus  of  the  100-amino 
acid  BRCA1  RING  finger  protein,  were  immunoprecipitated 
with  the  BR64  MAb  (Fig.  IS  and  Fig.  2C).  The  BR64  MAb 
detected  the  full-length  RING  finger  domain  [BRCA1  (1-100)] 


Cell  Growth  &  Differentiation  745 


A. 


1  100  1863 


Coomasle  Blue 


MAb  BR64 
Interaction 


BRCA1-RF 

1 

100 

h  L«xA 

■ 

cc 

CMC  6 

CC 

1 

++ 

BRCA1(1-90) 

1 

90 

■  LoxA 

■ 

cc 

66 

. 1 

+ 

BRCA1(1-80) 

1 

80 

■  L»xA 

■ 

cc 

CHCC 

cc 

□ 

— 

BRCA1(1-70) 

1 

70 

■  LexA 

■ 

cc 

CHCC 

1 

— 

BRCA1(C64G)-RF 

1 

100 

J  " 

cc 

CHCC 

1 

++ 

1 _ 

100 

BRCA1(C61G)-RF 

cc 

CHCC 

“1^ 

1 

++ 

1 _ 

22 

3C 

— LJ 

BRCA1-delAG185 

J . . 

— 

BRCA1-del31 

1 _ 

31  35 

1 

cc 

■■ 

RPT-I-RF 

1 

100 

J 

cc 

CHCC 

cc 

_ 1 

— 

Fig.  1.  A,  diagrammatic  representation  of  the  BRCA1  protein  and  the  RING  finger  domain  used  to  generate  the  6XHis-BRCA1-RF  fusion  protein.  The 
identified  fusion  protein  was  produced  in  bacteria,  purified  by  nickel- NTA  chromotography  (Qiagen,  Inc.),  and  analyzed  by  SDS-PAGE  for  purity.  Shown  is 
a  photograph  of  the  Coomassie  blue-stained  gel.  In  B,  the  NH2-terminal  100  amino  acids  of  human  BRCA1  (including  the  RING  finger  domain)  or  the 
indicated  amino  acids  of  the  various  BRCA1  -RF  mutants,  deletions,  and  controls  were  fused  to  the  LexA  DNA-binding  domain.  These  constructs  were  then 
used  to  produce  the  fusion  protein  by  coupled  in  vitro  transcription  and  translation.  These  proteins  were  used  without  further  purification  in  immunopre- 
cipitation  analyses  with  the  BR64  MAb.  A  summary  of  the  results  shown  in  Fig.  2  is  shown  to  the  right  of  the  diagrams. 


and  the  RING  domain  truncated  by  10  amino  acids  [BRCA1 
(1-90)].  The  20-  and  30-amino  acid  deletions,  BRCA1  (1-80) 
and  BRCA1  (1-70),  were  not  detected  by  BR64,  clearly  in¬ 
dicating  that  amino  acids  80-100  contain  the  region  identi¬ 
fied  by  BR64.  Indeed,  preincubation  of  the  BR64  antibody 
with  a  14-amino  acid  peptide  (amino  acids  81-94;  H-KKK- 
QLVEELLKIICAFQ-KK-OH)  inhibited  the  detection  of  BRCA1 
by  immunofluorescence  analysis  (data  not  shown).  These 


analyses  suggest  that  the  BR64  antibody  detects  an  epitope 
COOH-terminal  to  the  C3HC4  motif,  which  defines  the  RING 
domain  proper. 

The  ability  of  BR64  to  detect  authentic,  endogenous 
BRCA1  protein  was  determined  through  three  methodolo¬ 
gies;  immunoprecipitatlon;  immunoprecipitation  followed  by 
Western  blot  analysis;  and  direct  Western  blot  analysis  of 
nuclear  extract.  That  BR64  detected  BRCA1  was  determined 
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Fig.  2.  In  A,  the  BR64  MAb 
detects  only  the  BRCA1  RING 
finger  domain.  The  indicated 
RING  finger-containing  pro¬ 
teins  were  transcribed  and 
translated  in  vitro  in  the  pres¬ 
ence  of  p®S]methionine.  They 
were  then  immunoprecipitated 
with  the  BR64  MAb,  and  the 
bound  proteins  were  sepa¬ 
rated  by  SDS-PAGE.  Proteins 
were  then  detected  by  fluorog- 
raphy.  Faster-migrating  pro¬ 
teins  detected  by  the  BR64 
MAb  in  the  BRCA1  lane  are 
most  likely  proteolytic  frag¬ 
ments  of  BRCA1 .  The  appear¬ 
ance  and  intensity  of  these 
proteins  varied  with  each  in 
vitro  transcription-translation 
reaction.  In  B,  BRCA1  RING 
finger  domains  containing  mis- 
sense  mutations  can  be  de¬ 
tected  by  BR64.  Mutations 
found  in  breast  cancer  kin¬ 
dreds  were  introduced  into 
LexA-BRCA1 -RF  fusion  pro¬ 
teins.  These  proteins  were 
transcribed  and  translated  in 
vitro  in  the  presence  of 
psjmethionine,  followed  by 
immunoprecipitation  with  the 
BR64  MAb.  Bound  proteins 
were  separated  by  SDS-PAGE 
and  detected  by  fluorography. 
LexA-RPT-1  is  a  fusion  protein 
containing  the  RING  finger  do¬ 
main  from  the  RPT-1  protein. 
In  C,  amino  acids  80-100  of 
the  BRCA1  protein  contain  the 
epitope  for  the  BR64  MAb. 
Truncated  LexA-BRCAI-RF 
fusion  proteins  were  tran¬ 
scribed  and  translated  in  vitro 
in  the  presence  of  p®S]methi- 
onine  and  then  immunopre¬ 
cipitated  with  the  BR64  MAb. 
Bound  proteins  were  detected 
by  fluorography  after  separa¬ 
tion  by  SDS-PAGE.  Proteins 
fused  to  the  LexA  DNA-binding 
domain  always  appear  as  dou¬ 
blet  bands  on  SDS-PAGE.  This 
is  true  for  the  LexA  DNA-bind- 
ing  domain  alone  as  well  (data 
not  shown)  and  is  presumably 
due  to  an  alternate,  in-frame, 
translation  start  site  within  the 
LexA  cDNA. 


by  a  comparison  of  the  products  immunoprecipitated  from 
whole-cell  extracts  of  ^^P04-labeled  MDA-468  breast  cancer 
cells  by  the  BR64  MAb  and  the  commercially  available  C20 
polyclonal  antibody  (Fig.  3A),  Both  antibodies  identify  a  M^. 
220,000  phosphoprotein,  suggesting  that  the  protein  de¬ 
tected  by  BR64  is  BRCA1 .  Furthermore,  BRCA1  is  the  only 
phosphoprotein  detected  by  BR64,  whereas  the  C20  anti¬ 
body  detects  three  other  phosphoproteins  of  1 90,000, 
97,000,  and  M,  70,000. 

A  second  piece  of  evidence  that  the  endogenous  protein 
detected  by  BR64  is  BRCA1  was  obtained  via  immunopre- 


cipitation-Western  analysis  (Fig.  SB).  Whole-cell  extracts 
prepared  from  HBL100  breast  cancer  cells  were  immuno¬ 
precipitated  with  either  (rabbit)  preimmune  serum  or  anti- 
BRCA1  immune  serum.  The  immunoprecipitated  proteins 
were  then  analyzed  by  Western  blot.  The  BR64  MAb  de¬ 
tected  a  protein  of  220,000  previously  Immunoprecipi¬ 
tated  by  a  specific  anti-BRCA1  antibody.  However,  BR64 
also  detected  a  second,  faster  migrating  protein.  To  address 
the  possibility  that  BR64  interacted  with  another  protein  of 
large  molecular  weight,  direct  Western  analysis  of  nuclear 
extract  from  HeLa  cells  was  performed  (Fig.  SC).  The  BR64 
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Fig.  3.  BR64  detects  endogenous  BRCA1  protein.  In  A,  whole-cell  extracts  from  ®^P04-labeled  MDA-468  breast  cancer  cells  (5-7  x  10®  cells)  were 
immunoprecipitated  with  the  BR64  MAb  or  the  C-20  polyclonal  antibody.  A  BRCA1  cDNA  was  transcribed  and  translated  in  vitro  in  the  presence  of 
P^Sjmethlonine  to  produce  protein  for  size  comparison  purposes.  Proteins  were  separated  by  SDS-PAGE  and  detected  by  fluorography.  In  B,  whole-cell 
extracts  from  the  breast  cancer  cell  line  HBL-100  (1-2  x  10®  cells)  were  immunoprecipitated  with  preimmune  sera  or  with  anti-BRCAI-RF  polyclonal 
antibodies.  The  immunoprecipitated  proteins  were  separated  by  SDS-PAGE  and  transferred  to  a  polyvinylidene  difluoride  membrane.  The  membrane  was 
immunoblotted  with  the  BR64  MAb  and  detected  with  HRP-conjugated  goat  anti-mouse  IgG.  In  C,  nuclear  extract  from  HeLa  cells  was  separated  by 
SDS-PAGE  and  transferred  to  a  polyvinylidene  difluoride  membrane.  The  membrane  was  immunoblotted  with  the  BR64  MAb  and  detected  with  alkaline 
phosphatase-conjugated  goat  anti-mouse  IgG. 


MAb  detected  only  a  single  protein  of  220,000,  the  size  of 
BRCA1 .  Taken  together,  these  results  show  that  BR64  iden¬ 
tifies  only  the  BRCA1  protein,  can  identify  native  and  dena¬ 
tured  BRCA1  protein,  and  has  an  epitope  defined  by  amino 
acids  80-1 00.  The  faster  migrating  protein  of  Fig.  36  remains 
unidentified  and  is  not  seen  in  the  immunoprecipitation- 
Western  blot  analysis  when  other  anti-BRCAl  antibodies  are 
used  (data  not  shown). 

Comparison  of  Different  BRCA1  Antibodies.  Initial  re¬ 
ports  that  BRCA1  was  localized  to  the  cell  membrane  and 
the  Golgi  apparatus  and  was  perhaps  secreted  (12)  have 
generated  significant  controversy.  It  was  therefore  essential 
to  test  whether  the  earlier  reports  could  be  confirmed  with 
different  MAbs.  When  the  BR64  MAb  was  tested  by  immu- 
nohistochemical  methods,  it  reacted  nearly  exclusively  with 
proteins  in  the  nucleus.  However,  not  all  cells  showed  the 
same  distribution  as  reported  previously  by  others  (10).  Nu¬ 
clei  of  some  cells  displayed  a  sandy  fluorescence  where  as 
others  had,  in  addition,  distinctly  higher  aggregations  of  the 
antigen  (Fig.  4A).  There  was  a  faint  background  staining  over 


the  cytoplasm,  and  often  two  dots  were  recognized  at  the 
position  of  the  centrosome  (Fig.  AA,  arrow).  Another  anti- 
BRCAl  MAb,  M13  (see  “Materials  and  Methods”),  recog¬ 
nized  the  same  nuclear  patterns  (HEp-2  cells)  with  slightly 
elevated  cytoplasmic  staining.  In  a  few  cells,  particularly 
mitotic  cells.  Ml  3  detected  numerous  cytoplasmic  dots  over 
a  strong  cytoplasmic  background  (Fig.  46).  A  third  anti- 
BRCAl  MAb,  17F8  (see  “Materials  and  Methods”),  labeled  a 
large  number  of  cytoplasmic  dots  in  all  cells.  Nuclear  staining 
by  this  MAb  was  difficult  to  distinguish  from  the  cytoplasmic 
staining,  but  it  appears  similar  to  that  of  the  other  two  MAbs. 
In  addition,  each  cell  stained  by  17F8  contained  an  area  of 
strong  staining  that  localized  to  the  centromeric  region  and 
appeared  at  times  to  overlap  with  the  nucleus  when  imaged 
in  the  same  optical  section  (Fig.  4C,  arrows',  optical  sections 
are  ~0.7-/xm  thick).  A  rabbit  antibody  (C20;  Santa  Cruz), 
raised  against  the  COOH-terminal  20  amino  acids  of  BRCA1 , 
labeled  the  same  nuclear  components  as  all  three  MAbs  (Fig. 
4D)  but  also  stained  the  Flemming  body  (data  not  shown) 
and,  in  a  few  cells,  a  limited  number  of  cytoplasmic  granules. 
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Fig.  4.  Characterization  of  BRCA1  distribution  In  different  cells  and  relative  to  different  nuclear  domains  by  Immunofluorescence  microscopy.  The  color 
is  given  for  each  of  the  different  antigens  In  the  upper  comers  of  each  individual  image.  A,  MAb  BR64-Iabeled  HEp-2;  arrows  point  to  cytopiasmic  double 
dots  representing  the  centrosome.  B,  MAb  M13-labeled  HEp-2  cells.  C,  MAb  17F8-labeled  HEp-2  cells.  D,  polyclonal  antibody  C-20-labeled  HEp-2  cells. 
E,  MAb  BR64-labeled  MDA-MB-468  cells;  arrows  point  to  the  centrosome.  F,  MAb  M13-labeled  MDA-MB-468  cells  showing  dominant  fibrillar  cytoplasmic 
staining.  G,  MAb  1 7F8-labeled  MDA-MB-468  cells  showing  strong  staining  of  cytoplasmic  granules.  H,  double  labeled  HEp-2  cells  using  polyclonal  antibody 
C-20  and  BR64  showing  complete  overlap.  /,  double  labeled  HBL-100  cells  using  MAb  BR64  and  human  anti-centromere  antibodies  to  show  in  the  upper 
half  daughter  cells  in  early  phase  and  larger  daughter  cells  with  aggregated  centromeres.  J,  same  as  /  but  showing  a  -phase  cell  at  a  later  time  after 
mitosis  and  two  larger  cells  with  aggregated  centromeres  suggestive  of  S-phase  cells.  K,  same  staining  as  /  having  two  large  cells  with  centromeres  that 
are  often  present  as  doublets  suggestive  of  Ga-phase  cells.  All  optical  sections  are  -0.7  fxm  thick 
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That  the  new  MAb  BR64  recognizes  the  same  nuclear  struc¬ 
tures  as  C20  is  shown  by  double  labeling  (Fig.  4/-/).  The 
BRCA1  distribution  detected  in  HEp-2  cells  by  these  anti¬ 
bodies  was  also  found  in  the  diploid  human  fibroblast  cell  line 
WI38  and  the  breast  cancer  cell  line  HBL100  (data  not 
shown).  The  different  antibodies,  therefore,  recognize  the 
same  structural  components  in  the  nucleus  but  appear  to 
have  individual,  minor,  cross-reactivities.  We  conclude  that, 
in  general,  the  sandy  nuclear  staining  of  some  cells  and  the 
specific  nuclear  domain  dot-like  staining  of  other  cells  Is 
similar  for  all  of  the  antibodies  and  is  therefore  considered 
specific  for  the  location  of  BRCA1 . 

Quite  different  images  were  prevalent  when  testing  these 
four  antibodies  on  the  breast  cancer  cell  line  MDA-MB-468. 
Only  a  very  small  number  of  these  breast  cancer  cells  had 
any  particulate,  nuclear  BRCA1  staining,  although  the  im¬ 
ages  presented  were  selected  to  contain  one  nucleus  with 
such  staining  to  show  that  this  distribution  can  exist  in  this 
cell  type.  BR64,  of  the  four  antibodies  tested,  revealed  the 
same  image  as  expected  from  the  Hep-2  cells  (Fig.  4F, 
arrows  point  to  centrosomes).  MAb  M13  labeled  a  particular 
type  of  cytoplasmic  filament  (Fig.  4F).  In  mitotic  cells,  these 
fibers  disappeared  and  resulted  in  cytoplasmic  dots.  MAb 
17F8  recognized  a  large  cytoplasmic  component  similar  to 
those  in  HEp-2  cells  and  stained  the  centrosomes  (Fig.  4G, 
arrows).  None  of  the  antibodies  reliably  showed  the  nuclear 
BRCA1  staining  anticipated  from  the  other  cell  types.  The 
absence  of  BRCA1  staining  may  be  used  as  an  indication  of 
a  lower  concentration  of  BRCA1  in  these  nuclei  and  demon¬ 
strates  the  diversity  of  cross-reactivities  of  these  antibodies. 

Cell  Cycle-related  Nuclear  Distribution  of  BRCA1.  We 
asked  whether  the  appearance  of  disparate  BRCA1  distribu¬ 
tions  might  be  due  to  changes  in  the  cell  cycle  as  reported 
previously  (4,  10,  45).  This  was  tested  by  comparing  the 
BRCA1  distribution  pattern  with  cell  size  and  the  distribution 
of  centromeres.  Centromeres  are  present  in  singles  very 
early  during  the  cell  cycle,  aggregate  in  late  G-,  and  S  phases, 
and  can  be  found  in  doublets  after  the  late  S-phase  replica¬ 
tion  of  satellite  DNA  (46).  Very  early  -phase  cells  remain 
connected  and  show  the  Flemming  body,  and  as  shown  in 
Fig.  41,  these  daughter  cells  have  no  discreet  BRCA1  do¬ 
mains.  In  contrast,  the  larger  daughter  cells  have  distinct 
BRCA1  accumulation  and  contain  aggregated  centromeres, 
suggestive  of  an  S-phase  cell.  Late  G-, -phase  cells  have 
started  to  spread  out  on  the  glass  surface  but  retain  the 
single  centromere  distribution  and  with  it,  dispersed  BRCA1 
distribution  (Fig.  4J,  top).  Again,  the  larger  cell  pair  in  the 
same  figure  has  BRCA1  accumulations  and  aggregated  cen¬ 
tromeres.  Large  cell  pairs  with  double  centromeres  are  con¬ 
sidered  cells  in  the  G2  phase  of  the  cell  cycle,  and  they 
largely  have  no  BRCA1  accumulations  (Fig.  4K).  We  have, 
however,  found  large  cells  with  a  considerable  amount  of 
highly  aggregated  BRCA1.  Most  of  these  cells  may  be 
polyploid,  /.e.,  going  through  nuclear  cycles  of  replication 
without  cytokinesis.  The  changes  in  BRCA1  distribution  cor¬ 
relate  with  cell  size  and  centromere  distribution  and  are 
therefore  cell  cycle  dependent. 


Correlation  of  BRCA1  Localization  with  Other  Nuclear 
Structures.  Because  the  nucleus  appears  to  be  highly  com¬ 
partmentalized,  we  tested  whether  BRCA1  accumulations 
might  colocalize  with  any  of  the  known  nuclear  compart¬ 
ments.  Triple  labeling  was  used  to  observe  the  relative  loca¬ 
tion  of  BRCA1  with  the  SC35  and  ND10  domains.  We  found 
that  BRCA1  accumulations  are  largely  excluded  from  the 
SC35  domains  and  ND10  (Fig.  5A;  the  yellow  appearance  of 
some  of  the  juxtapositions  is  due  to  the  fortuitous  overlap  of 
these  domains).  In  this  context,  it  is  remarkable  that  ND10  is 
to  a  large  extent  situated  adjacent  to  the  SC35  domain, 
whereas  only  a  small  fraction  of  the  BRCA1  accumulations 
abut  any  of  these  structures.  It  is  likely  that  those  that  do  are 
fortuitously  abutting  without  any  functional  significance. 

The  nuclear  domains  labeled  by  anti-HPIa  antibodies  (31) 
has  been  reported  to  have  a  cell  cycle-associated  distribu¬ 
tion  (47).  When  cells  were  double  labeled  for  BRCA1  and 
HPIa,  we  found  three  distribution  patterns,  as  illustrated  in 
adjacent  cells  in  Fig.  5S.  In  the  middle  and  smallest  cell, 
sizable  accumulations  of  HPIa,  but  not  BRCA1,  are  seen. 
The  cell  to  the  right  shows  several  BRCA1  and  HPIa  accu¬ 
mulations  that  are  mostly  separated.  However,  in  the  cell 
nucleus  to  the  left,  both  antigens  seem  to  be  largely  over¬ 
lapping.  This  finding  suggests  that  BRCA1  overlaps  (colo¬ 
calizes  with)  HPIa  only  in  a  specific  part  of  the  cell  cycle, 
most  probably  during  S  phase. 

Because  we  had  observed  only  very  few  cells  with  BRCA1 
accumulations  juxtaposed  to  ND10  and  that  these  accumu¬ 
lations  were  usually  rather  large,  we  asked  whether  we  could 
force  more  to  this  nuclear  structure  through  the  overexpres¬ 
sion  of  BRCA1 .  When  cells  were  transfected  with  the  BRCA1 
cDNA  transcribed  by  the  cytomegalovirus  promoter  and 
probed  1 6  h  after  transfection,  we  found  all  of  the  very  large 
BRCA1  accumulations  in  close  association  with  ND10  (Fig. 
5C).  These  BRCA1  aggregations  had  a  near  circular  outline, 
contrary  to  the  more  irregular  outline  of  the  endogenous 
large  BRCA1  accumulations  we  occasionally  found  (Fig.  5D; 
the  nucleus  is  outlined  in  blue  by  staining  for  DNA).  High 
BRCA1  aggregations  are  therefore  associated  with  a  specific 
nuclear  domain,  ND10.  Surprisingly,  large  amounts  of  en¬ 
dogenous,  as  well  as  overexpressed,  BRCA1  accumulated 
only  at  a  limited  number  of  ND1 0  and  was  not  equally  divided 
among  the  ND10,  as  expected  for  a  protein  transported  into 
the  nucleus  through  randomly  positioned  pore  complexes. 
Therefore,  we  tested  several  proteins  (that  had  been  reported 
to  associate  with  ND1 0)  as  to  whether  they  where  present  at 
only  a  limited  number  of  ND10  and  whether  they  might  be 
attracting  the  excess  BRCA1.  The  ubiquitin-specific  prote¬ 
ase,  HAUSP,  (48)  was  the  only  protein  that  showed  a  limited 
association  with  ND10  (Fig.  5£).  However,  its  distribution  and 
accumulation  did  not  overlap  with  that  of  BRCA1  (data  not 
shown). 

Effect  of  Virus  Infection  on  the  BRCA1  Distribution. 

HAUSP  has  been  characterized  through  its  binding  to  the 
HSV1  immediate-early  protein  ICPO  (48).  Because  we  could 
not  find  a  direct  binding  of  HAUSP  with  BRCA1 ,  we  asked 
whether  the  herpesvirus  Immediate-early  protein  ICPO,  a 
transactivator  that  binds  to  HAUSP  and  disperses  it  from  its 
high  accumulations  at  some  ND10,  would  also  disperse  the 
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Fig  5  BRCA1  distribution  in  relation  to  other  nuclear  domains  and  after  virus  infection.  A,  triple  labeling  of  HBL100  cells  showing  that  BRCA1  staining 
does  not  colocalize  with  SC35  domains  and  ND10.  B,  double  labeling  of  HBL100  cells  showing  that  HP-1  may  or  may  not  colocalize  with  BRCA1.  C, 
BRCA1 -transfected  HEp-2  cell  showing  that  overexpressed  BRCA1  localizes  adjacent  to  a  few  ND10.  D,  HEp-2  cell  showing  high  concentrations  of 
endogenous  BRCA1  at  ND10.  E,  HEp-2  cell  double  labeled  to  show  that  HAUSP  localizes  adjacent  to  only  a  few  ND1 0.  E,  HEp-2  cells  2  h.p.i.  with  wild-type 
HSV-1 .  Cells  are  double  labeled  for  ICPO  to  show  which  cells  are  infected  and  for  BRCA1 ,  demonstrating  that  BRCA1  is  dispersed  in  infected  cells.  G,  same 
as  A  but  infected  with  the  RING  finger  mutant  FXE  of  HSV-1 ,  indicating  that  infection  with  this  mutant  does  not  disperse  BRCA1 .  H,  uninfected  HEp-2  cells 
showing  the  normal  distribution  of  BRCA1  relative  to  ND10.  /,  HEp-2  cells  3  h.p.i.  with  Ad5  and  stained  for  BRCA1  and  SP100,  indicating  that  SP100  has 
been  distributed  to  short  tracks  and  BRCA1  is  located  at  many  of  these  tracks.  J.  HEp-2  cells  8  h.p.i.  with  Ad5  and  stained  to  show  the  single-stranded 
DNA  binding  protein  DBP  as  an  indicator  where  Ad5  replication  begins  and  demonstrating  that  BRCA1  localizes  adjacent  to  the  replication  domains.  K, 
HEp-2  cells  12  h.p.i.  with  Ad5,  double-labeled  for  DBP  and  BRCA1 ,  indicating  that  BRCA1  localizes  to  the  outer  rim  of  the  replication  compartment  {upper 
right)  and  is  absent  from  the  replication  compartment  at  later  stages  of  the  replication  cycle  {lower  left).  L,  HBL1 00  cells  stressed  for  1  h  at  42 °C  and  labeled 
for  BRCA1 .  All  BRCA1  accumulations  have  dispersed.  Optical  sections  are  -0.7  /^m  thick 


9 


Cell  Growth  &  Differentiation  751 


high  accumulations  of  BRCA1  from  ND10.  We  infected  cells 
with  wild-type  HSV1  for  2  h.  All  infected  cells  could  be 
identified  by  antibodies  to  the  viral  protein  ICPO,  and  those 
so  identified  had  only  dispersed  BRCA1  throughout  the  nu¬ 
cleus,  whereas  uninfected  cells  showed  the  expected 
BRCA1  accumulations  (Fig.  5F).  This  finding  shows  only  that 
wild-type  HSV1  infection  disperses  BRCA1  accumulations 
but  provides  the  assay  with  which  to  test  whether  mutations 
in  ICPO  would  retain  BRCA1  accumulations.  When  cells  were 
Infected  with  an  ICPO  mutant,  FXE  (where  the  RING  finger 
region  of  ICPO  has  been  deleted),  BRCA1  accumulations 
were  retained  (Fig.  5G).  Thus,  the  dispersion  of  BRCA1  in 
S-phase  nuclei  by  ICPO  represents  a  new  effect  of  this  viral 
transactivator  on  a  cellular  protein. 

Ad5  also  contains  a  protein  (E4  ORF3)  that  modifies  the 
location  of  HAUSP  and  ND10-associated  proteins  (39-41). 
We  tested  this  virus  early  effect  on  BRCA1  distribution  using 
the  breast  cancer  cell  line  HBL100.  In  uninfected  cells, 
BRCA1  and  ND1 0  are  largely  positioned  in  separate  domains 
(Fig.  5H).  However,  3  h  after  infection,  ND10  proteins  were 
redistributed  into  many  short  tracks,  and  BRCA1  was  now 
found  in  association  with  these  tracks  (Fig.  51).  Previously,  we 
had  shown  by  in  situ  hybridization  that  Ad5  replicates  at  sites 
where  the  viral  single-stranded  DNA  protein,  DBP,  accumu¬ 
lates  (41).  At  these  later  stages  (8  h.p.i.),  we  found  BRCA1 
juxtaposed  to  replication  domains  (Fig.  5J).  When  these  Ad5 
replication  domains  expand,  BRCA1  was  recruited  to  these 
domains  and  surrounded  them  (Fig.  SK).  When  viral  replica¬ 
tion  advanced  further,  as  indicated  by  the  accumulation  of 
DBP  throughout  much  of  the  nucleus,  BRCA1  is  no  longer 
detected  around  these  sites  but  only  in  those  nuclear  spaces 
where  no  viral  accumulation  is  evident  (left  lower  cell  in  Fig. 
5K).  Finding  BRCA1  to  be  recruited  to  the  outside  of  the  viral 
replication  domain  where  transcription  of  this  virus  takes 
place  suggests  that  the  virus  makes  use  of  this  cellular 
protein  in  its  transcriptional  processes. 

To  test  this  hypothesis,  we  disturbed  the  global  transcrip¬ 
tional  processes  through  stress,  which  acts  by  shutting  down 
normal  transcription  or  processing  and  activating  the  tran¬ 
scription  of  the  heat  shock  proteins  (49-52).  Such  a  global 
change  may  then  either  change  BRCA1  distribution  to:  (a)  a 
dispersed  state  in  all  cells;  or  (b)  an  accumulated  state  in  all 
cells.  When  we  treated  HEp-2  cells  for  1  h  at  42®C,  all  BRCA1 
accumulations  were  dispersed,  with  the  BRCA1  distribution 
appearing  as  in  cells  in  the  -phase  of  the  cell  cycle.  BRCA1 
distribution  therefore  changes  in  response  to  stress  (heat 
shock)  as  well  as  to  DNA-damaging  agents  (10,  53). 

Discussion 

Investigations  of  the  molecular  interactions  of  BRCA1  are 
progressing  at  several  fronts,  but  knowledge  of  supramo- 
lecular  events  involving  BRCA1  is  largely  absent.  In  this 
report,  we  have,  therefore,  begun  to  evaluate  the  distribution 
of  BRCA1  at  the  cellular  level  during  the  cell  cycle,  deter¬ 
mined  its  potential  interactions  at  various  nuclear  domains, 
and  have  started  to  define  its  behavior  in  response  to  exter¬ 
nal  stimuli,  such  as  stress  and  viral  infection.  To  embark  on 
this  work  required  antibodies  that  could  be  relied  upon  to 
visualize  the  location  of  BRCA1.  Previously,  BRCA1  had 


been  shown  to  localize  to  the  cell  membrane  and  was  con¬ 
sidered  a  secreted  protein  (12).  This  localization  has  since 
been  shown  to  be  due  to  the  cross-reactivity  of  the  C20 
antibody  to  the  EGF  receptor  (53,  54).  We  therefore  pro¬ 
duced  a  MAb  (BR64)  that  recognizes  the  native  antigen  as 
well  as  BRCA1  expressed  after  transfection  of  various  ex¬ 
pression  plasmids.  When  compared  with  other  anti-BRCAl 
MAbs,  the  MAb  BR64  showed  equivalent  nuclear  distribution 
but  also  reacted  with  a  cytoplasmic  component,  the  centro- 
some.  The  same  reactivity  was  found  for  other  BRCA1  MAbs 
and  the  polyclonal  antibody  C20.  Although  the  centrosome 
reactivity  of  all  these  antibodies  may  be  a  cross- reactivity, 
the  fact  that  the  antibodies  were  made  against  quite  different 
epitopes  argues  against  this  interpretation.  We  therefore 
consider  that  this  result  is  suggestive  of  BRCA1  binding  to 
this  cellular  domain  so  intimately  involved  in  mitotic  events. 
Furthermore,  our  use  of  BR64  hybridoma  supernatant  ex¬ 
cludes  the  possibility  of  a  contaminating  mouse  autoanti¬ 
body.  The  reaction  of  C-20  with  the  Flemming  body,  how¬ 
ever,  may  be  such  an  autoantibody  present  In  rabbits.  The 
least  useful  MAb  for  our  analyses  was  17F8,  because  it 
cross-reacted  with  a  number  of  cytoplasmic  granules.  Fur¬ 
thermore,  because  of  the  thickness  of  the  optical  section 
(—0.7  /jtm),  these  granules  overlaid  the  nuclear  domain  and 
did  not  allow  for  an  unbiased  determination  of  the  nuclear 
distribution  of  BRCA1.  The  cross-reactivity  of  Ml 3  with  cy¬ 
toplasmic  filaments  made  this  antibody  useful  only  for  cells 
without  these  filaments.  We  had  observed,  however,  that 
even  HEp-2  cells  in  mitosis  had  the  cytoplasmic  dot  char¬ 
acteristic  of  depolymerized  intermediate  filaments.  The  faint 
cytoplasmic  staining  in  HEp-2  cells  may  therefore  be  due  to 
a  low  level  of  these  filaments.  The  general  conclusions  of  the 
comparison  of  the  different  BRCA1  antibodies  is  that:  (a)  they 
collectively  validate  the  presence  of  BRCA1  In  the  nucleus; 
and  (b)  they  can  be  used  to  evaluate  the  redistribution  of 
BRCA1  induced  by  internal  physiological  changes  and  ex¬ 
ternally  induced  effects,  but  only  in  cells  where  the  cross¬ 
reactive  proteins  are  absent. 

For  all  antibodies,  we  had  observed  two  distribution  pat¬ 
terns  for  BRCA1,  dispersed  and  aggregated.  That  smaller 
cells  had  only  dispersed  BRCA1  suggested  a  cell  cycle- 
related  event.  A  general  interruption  of  the  cell  cycle  is  pos¬ 
sible  through  the  application  of  stress  in  the  form  of  heat 
shock.  Cellular  transcription  and  splicing  is  reduced  and 
shifted  to  heat  shock  protein  transcription.  Under  these  con¬ 
ditions,  BRCA1  becomes  dispersed  from  Its  domains,  similar 
to  other  proteins  resident  in  other  domains.  Whether  this 
phenomenon  can  be  attributed  to  a  change  In  transcription 
or  to  the  subsequent  cell  cycle  retardation  is  not  clear,  but  it 
presents  a  new  single-cell  assay  of  an  as-yet-to-be  defined 
BRCA1  function. 

There  are  no  precise  cell  cycle  markers  that  can  be  used  in 
a  single-cell  assay  such  as  microscopy,  particularly  because 
the  BRCA1  epitopes  seem  to  be  sensitive  to  the  acid  treat¬ 
ment  necessary  to  expose  the  S-phase  indicator  bromode- 
oxyuridine."^  However,  He  and  Brinkley  (46)  showed  that  cen- 
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tromeres  behave  quite  predictably  during  the  cell  cycle.  The 
dispersion  of  the  centromeres  after  mitosis  lasts  into  later 
parts  of  Gi  and  was  correlated  with  dispersed  states  of 
BRCA1 .  The  centromeres  aggregated  later,  and  the  numbers 
that  can  be  counted  are  far  below  those  expected  for  the 
number  of  chromosomes  present.  This  stage  corresponds, 
according  to  He  and  Brinkley  (46),  to  the  S-phase  and  is 
clearly  correlated  with  the  presence  of  aggregated  BRCA1 . 
At  the  end  of  the  cell  cycle,  cells  are  rather  large,  and  the 
centromeres  are  present  as  pairs  and  are  not  highly  clus¬ 
tered.  The  distribution  pattern  of  BRCA1  in  large  cells  Is  less 
clear,  but  the  bulk  of  those  observed  (which  had  paired 
centromeres)  also  had  few  or  no  sites  of  aggregated  BRCA1 . 
From  these  observations,  it  is  clear  that  BRCA1  changes  Its 
distribution  during  the  cell  cycle  and  that  aggregation  Is 
predominantly  present  during  the  S-phase  of  the  cell  cycle, 
with  a  more  precise  definition  of  this  phenomenon  not  pres- 
entiy  possibie.  Arising  from  these  observations  Is  the  ques¬ 
tion  of  whether  the  areas  of  accumulation  define  the  sites  of 
active  BRCA1 ,  or  whether,  alternatively,  BRCA1  may  act  In 
the  "dispersed”  mode  with  the  “aggregated”  state  being 
sites  of  storage  for  BRCA1  (segregation). 

The  nucleus  is  partitioned  into  domains  of  various  activi¬ 
ties.  Not  only  do  specific  chromosomal  territories  exist  (55), 
but  so  do  various  extrachromosomal  domains  to  which  spe¬ 
cific  functions  are  attributable  and  which  can  be  delineated 
with  the  respective  antibodies.  We  did  not  find  any  domain 
that  consistentiy  colocalized  with  BRCA1 .  BRCA1  accumu¬ 
lations  definitely  reside  outside  of  the  SC35  domain  and  the 
ND10.  However,  BRCA1  accumulations  overlap  HP1  a  during 
a  stage  of  S  phase.  PIKA  represent  domains  of  highly  ag¬ 
gregated  HP1a,  a  protein  that  is  normally  associated  with 
heterochromatin  (47).  HP1  a  has  also  been  shown  to  change 
its  aggregation  pattern  during  the  S-phase  of  the  cell  cycle 
(47).  Contrary  to  BRCA1 ,  however,  it  starts  in  a  highly  ag¬ 
gregated,  BRCA1 -sized  domain,  during  The  temporary 
association  of  the  two  proteins  in  the  same  nuclear  domain 
does  not  necessarily  signify  direct  Interaction,  a  conclusion 
supported  by  a  two-hybrid  assay  in  which  no  interaction 
could  be  found."^  Other  proteins  may  be  intermediaries;  how¬ 
ever,  these  two  proteins  are  the  only  ones  presently  showing 
cell  cycle-dependent  colocalization. 

The  accumulation  of  a  protein  may  be  viewed  as  indicative 
of:  (a)  functioning  at  this  site;  {b)  as  segregation  with  the 
implication  of  removing  the  protein  from  functioning;  or  (c) 
storing  excess  protein  as  a  means  to  regulate  the  precise 
amount  of  protein  in  a  delicate  balance.  This  balance  may 
change  during  the  cell  cycle.  Under  these  assumptions,  we 
may  either  conclude  that  BRCA1  has  specific  nuclear  sites  of 
high  activity  during  S  phase,  or  its  concentration  throughout 
the  nucleus  is  lowered  by  segregation  during  this  part  of  the 
cell  cycle.  The  possibility  that  the  cell  has  the  capability  to 
segregate  endogenous  BRCA1  is  supported  by  the  finding  of 
high  concentrations  close  to  ND10  and  the  accumulation  of 
BRCA1  at  these  sites  when  overexpressed.  We  may  be 
witnessing  segregation  of  BRCA1  into  a  nuclear  dump  or 
nuclear  depot  (56). 

Viruses  have  often  been  instrumental  in  the  elucidation  of 
cellular  functions.  Using  two  DNA  viruses  we  could  demon¬ 


strate  that  they  modify  BRCA1  distribution  quite  differently 
and  provide  a  single-cell  assay  to  test  this  perturbation.  The 
dispersion  of  BRCA1  by  HSV1  may  be  due  to  the  interruption 
of  the  cell  cycle  as  HSV1  blocks  S  phase  (57).  However,  we 
were  able  to  define  the  immediate-early  HSV1 IE1  gene  as  an 
essential  gene  for  BRCA1  dispersion.  Its  potential  interaction 
with  a  BRCA1  pathway  may  lay  at  the  center  of  the  inability 
of  cells  to  grow  when  ICPO  is  constitutiveiy  expressed."^ 

Ad5  has  a  quite  different  effect  on  BRCA1 .  BRCA1  accu¬ 
mulates  at  and  surrounds  some  of  the  replication  sites  during 
the  viral  replication.  Later,  after  transcription  and  replication 
cease  late  in  the  replication  cycle,  BRCA1  Is  no  longer  pres¬ 
ent  around  the  viral  replication  domain  as  Indicated  by  stain¬ 
ing  against  DBP.  The  outer  fringe  of  the  replication  site 
represents  viral  single-stranded  DNA  that  is  being  tran¬ 
scribed,  whereas  the  center  contains  double-stranded  Ad5 
DNA  (58).  The  presence  of  BRCA1  at  the  outer  region  of  Ad5 
suggests  that  it  may  be  used  in  viral  transcription.  Alterna¬ 
tively,  because  this  outer  region  is  also  where  decatenation 
of  the  viral  DNA  takes  place,  BRCA1  accumulation  in  this 
area  may  suggest  a  role  in  this  process,  a  role  supported  by 
the  observation  that  BRCA1  may  be  involved  In  the  cross¬ 
over  mechanism  during  pachyteen  of  meiosis  (6). 

This  investigation  establishes  that  there  Is  a  cell  cycle- 
related  change  in  the  distribution  of  BRCA1  in  the  nucleus 
and  that  another  protein,  HP1,  involved  In  transcriptionally 
silencing  chromatin,  colocalizes  during  part  of  BRCA1  accu¬ 
mulation/segregation.  We  found  that  DNA  viruses  change 
the  distribution  of  BRCA1  substantially  and,  in  the  case  of 
Ad5,  temporarily  recruit  this  protein  into  an  area  of  high 
transcriptional  activity. 

Materials  and  Methods 

Cell  Culture.  All  cells  were  maintained  at  37®C  and  5%  CO2.  MCF7  cells 
(ATCC  HTB  22)  and  HBL-100  (ATCC  HTB  124)  cells  were  grown  in  high 
glucose  DMEM  containing  10%  FBS  and  0.1  mM  nonessential  amino 
acids.  MDA-MB-468  (ATCC  HTB  132)  cells  were  grown  in  a  1 :1  mix  of  high 
glucose  DMEM  and  Ham’s  F-12  with  10%  FBS.  Human  WI38  fibroblasts 
(ATCC  ecu  75)  and  the  epithelial  cell  line  HEp-2  (ATCC  CCL  23)  were 
maintained  in  MEM  supplemented  with  10%  FCS  and  antibiotics. 

32p04  Labeling  of  MDA-MB-468  Cells.  MDA-MB-468  cells  were 
rinsed  twice  with  warm,  phosphate-free  DMEM  (hi  glucose)  medium  and 
then  incubated  in  phosphate-free  medium  containing  5%  dialyzed  FBS  for 
2  h.  The  cells  were  then  placed  in  phosphate-free  medium  containing  5% 
dialyzed  FBS  and  (100  /xCi/ml;  MEN)  and  incubated  for  an  addi¬ 

tional  2  h.  Cells  were  harvested  in  RIPA  buffer  containing  50  mw  NaF  and 
protease  inhibitors  [20  mw  HEPES  (pH  7.4),  140  mM  NaCI,  1%  Triton 
X-100,  1%  deoxycholate,  0.1%  SDS,  1  mM  EDTA,  1  mM  phenylmethyl- 
sulfony!  fluoride,  2  fig/m\  leupeptin,  0.04  Tl  units/ml  aprotinin,  and  2  jLig/ml 
pepstatin]. 

MAb  Production.  A  synthetic  gene  of  the  BRCA1-RF  domain  (amino 
acids  1-100)  was  made  from  overlapping  oligonucleotides  whose  codon 
usage  had  been  optimized  for  expression  in  £  coli  and  Saccharomyces 
cerevisiae  (5,  59).  Double-stranded  DNA  was  generated  by  the  PCR.  This 
BRCA1  partial  cDNA  was  fused  downstream  of  the  six  His  residues  of  the 
vector  pQE-30  (Qiagen,  Inc.).  The  His-tagged  protein  was  purified  from  £ 
coli  over  a  nickel-agarose  column  as  described  previously  (20).  Fifty  )Ltg  of 
recombinant  6XHis-BRCA1  fusion  protein,  in  50  /aI  PBS,  was  emulsified  in 
complete  Freund  adjuvant  and  injected  s.c.  into  BALB/c  mice,  followed  by 
three  boosts  in  incomplete  Freund  adjuvant.  The  fourth  boost  was  given 
i.v.,  and  the  splenocytes  were  fused  3  days  later  with  the  mouse  nonim¬ 
munoglobulin-secreting  cell  line  P3X63Ag8.SP2/0.  Hybridomas  were  se¬ 
lected  by  testing  supernatants  by  ELISA  on  recombinant  6XHis-BRCA1. 
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Each  clone  was  subcloned  following  standard  procedures.  All  resulting 
MAbs  were  of  lgG1,  kappa. 

Immunoprecipitations.  Immunoprecipitation  of  samples  with  poly¬ 
clonal  Abs  was  performed  with  protein  A-Sepharose  (Pharmacia).  The 
MAb  BR64  was  precipitated  with  protein  G-Sepharose  (Pharmacia).  Im¬ 
munoprecipitations  were  carried  out  by  incubating  the  antibody  with 
protein  extract  or  in  i//fro-produced  protein  in  1  ml  of  RIPA  buffer  for  2  h 
at  4'‘C.  The  protein  G  (or  A)  Sepharose  resin  was  then  added,  and  the 
reaction  incubated  an  additional  30-45  min  at  4°C  with  continual  mixing. 
The  bound  proteins  were  washed  in  RIPA  buffer  five  times,  released  from 
the  Sepharose  resin  with  SDS-PAGE  loading  dye,  and  separated  by 
SDS-PAGE.  Visualization  of  bound  protein  was  performed  by  autoradiog¬ 
raphy. 

Western  Blot  Analysis.  Proteins  were  separated  by  SDS-PAGE  and 
transferred  to  PVDF  membrane  (Millipore)  via  standard  methods.  In  Fig. 
2B,  the  membrane  was  blocked  in  Tris-buffered  saline  containing  0.1% 
Tween-20  (TBST)  and  5%  fish  gelatin  (Forma  Scientific).  The  MAb  BR64 
ascites  fluid  was  diluted  1:1 000  in  the  block  buffer  and  incubated  with  the 
membrane  for  2  h  at  room  temperature  with  gentle  shaking.  After  washing 
the  membrane  five  times  with  TBST  (10  min  each),  the  blot  was  incubated 
with  secondary  antibody  conjugated  to  horseradish  peroxidase  (goat 
anti-mouse  IgG-HRP;  Bio-Rad)  at  1 :5000  dilution  for  30  min.  The  mem¬ 
brane  was  washed  five  times  further  and  developed  with  Super  Signal 
(Pierce).  In  Fig.  2C,  the  membrane  was  blocked  for  1  h  in  Tris-buffered 
saline  containing  0.2%  Tween-20  (TBST2)  and  5%  dry  milk.  The  MAb 
BR64  ascites  fluid  was  diluted  to  0.5  jmg/ml  (TBST2  plus  1  %  BSA)  and 
incubated  with  the  membrane  for  1  h  at  room  temperature  with  gentle 
shaking.  After  washing  the  membrane  three  times  with  TBST2  (10  min 
each),  the  blot  was  incubated  with  secondary  antibody  conjugated  to 
alkaline  phosphatase  (alkaline  phosphatase  anti-mouse  IgG;  Promega)  at 
1:7500  dilution  (TBST2  plus  1%  BSA)  for  45  min.  The  membrane  was 
washed  three  times  further  and  developed  using  5-bromo-4-chloro-3- 
indolyl  phosphate/nitroblue  tetrazolium  color  development  substrates 
(Promega). 

Transfections  and  in  Vitro  Transcription/Translation.  Cells  were 
transiently  transfected  by  calcium  phosphate  precipitation  (60).  The  Pro¬ 
mega  TNT  kit  was  used  as  described  by  the  manufacturer  to  produce 
®^S“labeled  protein.  Proteins  were  used  for  analysis  without  further  puri¬ 
fication.  Plasmid  constructs  bearing  BRCA1  and  BRCA1-A11  were  kind 
gifts  of  F.  Caizone  (Amgen,  Inc.,  Thousand  Oaks,  CA).  The  RPT-1  cDNA 
was  a  kind  gift  of  H.  Cantor  (Dana-Farber  Cancer  Institute,  Boston,  MA) 
(44). 

Antibodies  Used  for  Immunofluorescence.  Antibodies  used  for  the 
detection  of  BRCA1  were:  Ml  3,  a  MAb  kindly  provided  by  R.  Scully 
(Dana-Farber  Cancer  Institute,  Boston,  MA)  (61);  17F8,  a  MAb  kindly 
provided  by  W.  H.  Lee  (Center  for  Molecular  Medicine,  University  of  Texas 
Health  Science  Center,  San  Antonio,  TX)  (1 1);  and  C20,  a  rabbit  polyclonal 
antibody  that  was  purchased  from  Santa  Cruz  Biotechnologies  (Palo 
Alto,  CA). 

ND10  were  visualized  using  MAb  1150,  which  recognizes  SplOO  (62). 
The  human  antibody  1745,  which  recognizes  SplOO  and  PML,  was  used 
in  triple-labeling  experiments  (62).  MAb  anti-SC35  (25)  was  used  to  label 
the  SC35  domain.  MAbs  against  HAUSP  and  ICPO  were  provided  by  R. 
Everett  (Medical  Research  Council,  Glasgow,  UK)  (48).  Isotype-matched 
MAbs  of  unrelated  specificity  served  as  controls.  Rabbit  anti-HPIa  anti¬ 
bodies  were  obtained  from  W.  Earnshaw  (University  of  Edinburgh,  Edi- 
burgh,  UK)  (31). 

Immunohistochemistry.  Cells  were  fixed  at  room  temperature  for  15 
min  with  freshly  prepared  1%  paraformaldehyde  in  PBS,  washed  with 
PBS,  and  permeabilized  for  20  min  on  ice  with  0.2%  (v/v)  Triton  X-100 
(Sigma  Chemical  Co.)  in  PBS.  Antigen  localization  was  determined  after 
incubation  of  permeabilized  cells  with  rabbit  antiserum,  MAb,  or  human 
antiserum  diluted  in  PBS  for  1  h  at  room  temperature.  Avidin-fluorescein 
or  avidin-Texas  Red  was  complexed  with  primary  antibodies  through 
biotinylated  secondary  antibodies  (Vector  Laboratories).  Ceils  were  dou¬ 
ble-  or  triple-labeled  with  the  respective  second  antibodies  conjugated 
with  FITC,  Texas  Red,  or  Cy-5  using  biotin-avidin  enhancement  and  FITC 
for  structures  with  the  lowest  staining  intensity.  Cells  were  then  stained  for 
DNA  with  0.5  jug/ml  of  bis-benzimide  (Hoechst  33258;  Sigma)  in  PBS  and 
mounted  with  Fiuoromount  G  (Fisher  Scientific).  Cells  were  analyzed  using 
a  Leica  confocal  scanning  microscope.  The  two  channels  were  recorded 
simultaneously  when  no  cross-talk  was  detectable.  In  the  case  of  intense 


FITC-labeling,  sequential  images  were  acquired  with  more  restrictive  fil¬ 
ters  to  prevent  possible  breakthrough  of  the  FITC  signal  into  the  red 
channel.  Both  acquisition  modes  gave  the  same  results.  Leica  image 
enhancement  software  was  used  in  balancing  signal  strength.  Because  of 
the  variability  of  the  infectious  cycle  progression  in  any  given  culture,  the 
most  prevalent  and  representative  images  were  photographed  and  pre¬ 
sented  as  a  limited  number  of  nuclear  images  to  retain  high  magnification. 
At  least  500  cells  were  studied  in  each  sample. 

Virus  Infection.  Two  days  after  plating,  HEp-2  cells  were  infected  with 
HSV-1  17+  at  2  plaque-forming  units/cell,  resulting  in  95%  infected  celis 
as  determined  by  staining  for  ICPO  antibodies  at  5  h.p.i.  Cells  were  fixed 
at  different  intervals  after  infection  and  assayed  with  different  antibodies 
as  described  (34).  Ad5  infection  was  carried  out  as  described  (41),  and 
cells  were  fixed  at  various  times  after  infection. 
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